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SERIAL LIST 


A SERIAL list of the holdings of The Marine Biological Labora- 
tory has been published as a separately bound supplement to The 
Biological Bulletin. This supplement lists with cross references the 
titles of journals in the Library; additional titles and changes are 
published annually. A few extra copies of the original list are 
still available. Orders may be directed to The Marine Biological 
Laboratory. 


MICROFILM SERVICE 


THE Library of The Marine Biological Laboratory is now pre- 
pared to supply microfilms of material from periodicals included in 
its extensive list. Through the generosity of Dr. Athertone Seidell, 
the essential equipment has been set up and put into operation. 
The Staff of The Marine Biological Laboratory Library is anxious to 
extend the Microfilm Service, particularly at this time when dis- 
tance makes the Library somewhat inaccessible to many who nor- 
mally use it. Investigators who wish films should send to the Li- 
brarian the name of the author of the paper, its title, and the name 
of the periodical in which it is printed, together with the volume 
and year of publication. The rates are as follows: $.30 for papers 
up to 25 pages, and $.10 for each additional 10 pages or fraction 
thereof. It is hoped that many investigators will avail themselves 
of this service. 
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G. E. MacGINITIE 
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Corona Del Mar, California 


INTRODUCTION 


In a former article (MacGinitie, 1937) the statement was made that “the slime 
net (Urechis) will entrap the smallest particles which are visible with the aid of an 
oil immersion lens.” Experiments have just been completed which have determined 
much more accurately the size of the openings through which sea water is passed to 
strain from it the food ingested by animals using such nets. The results of these 
experiments have more than justified the statement quoted. 


THE Feepinc Nets 


The mucous net of the echiuroid worm Urechis caupo (Fisher and MacGinitie, 
1928; MacGinitie, 1935) is admirably suited to tests of the kind herein reported. 
In the mud flats of the west coast Urechis builds a U-shaped tunnel with two en- 
trances eighteen to thirty-six inches apart, depending on the size and age of the 
animal, and with the lowest part of the tunnel from ten to eighteen inches beneath 
the surface. The openings of the burrows are somewhat constricted, and the ani- 
mals, which live singly in a burrow, keep a current of water flowing through the 
burrow along the body by means of a more or less rhythmic peristalsis. 

The slime tube for collecting food is secreted by a ring of mucous glands situ- 
ated about one-sixth of the length of the body posterior to the proboscis. When 
the worm secretes a mucous tube, this ring of glands is pressed tightly against the 
periphery of the burrow to cause the mucus at the beginning of secretion to ad- 
here to the sides of the burrow. As the animal backs up in its burrow more mucus 
is.spun until the tube becomes four to six inches long. Then the spinning ceases, 
but the tube is allowed to remain attached to the secreting ring. This leaves the 
animal with its anterior end within a sack of mucus which is firmly attached to the 
“neck” as though by a drawstring; and the distal end of the mucous sack is firmly 
attached to the sides of the burrow. Thus all water flowing through the burrow 
must pass in at the open distal end and pass through the walls of the mucous sack 
before it can flow along the outside of the animal on its way through the burrow. 
As the water passes through this mucous net all microscopic and, as will be seen, 
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some ultramicroscopic, material is held by the net. After pumping water through 
the net for varying lengths of time, the end at the “neck” is slipped over the head 
and the entire tube with its load of food is swallowed. 

The mucous food straining bag of the annelid Chaetopterus variopedatus (Mac- 
Ginitie, 1939a) was also used for the purpose of testing size openings, though 
Chaetopterus is much more sensitive to strange substances than is Urechis. By 
using a liberal amount of time and patience, either animal becomes accustomed to 
the presence of proteins as they are introduced into the water currents passing 
through the burrows. 


MATERIALS AND METHOD 


Three substances of known molecular weight, and stained with T1824 Evan's 
Blue, were introduced into the mucous nets of both Chaetopterus variopedatus and 
Urechis caupo while the animals were feeding. The three substances and their 
molecular weights were: ovalbumin, 44,000; human serum globulin, 176,000; and 
hemocyanin (Palinurus), 450,000. The molecular weights given were taken from 
Cohn and Edsall (1943). 

In the cases where excess dye was used for staining, the excess was taken up 
by dialyzing bags (Rawson, 1942-43), the proteins having been dissolved in sea 
water, 34 parts per thousand of salts. Rawson found that up to eight molecules 
of dye were bound by each molecule of globulin and that a 1:5 solution remained 
stable for one month. These figures were used also for ovalbumin and hemocyanin, 
though no experimental evidence was found for the use of eight molecules as a 
saturation limit, but absorption by cellophane dialzying bags showed these limits 
to be fairly accurate. 


RESULTS 


The ovalbumin passed through the mucous net entirely. Enough serum globu- 
lin was held by the net to color it a decided blue, while no hemocyanin whatever 
passed through the mucus. 

Molecular weights and shapes of proteins are subject to considerable uncertainty. 
Recently Cohn (1944) gives a molecular weight, length and equatorial diameter for 
human serum globulin of 160,000,320 A, and 36 A, respectively. The a/b ratio is 
thus about 1/9. Human serum globulin has a frictional flow coefficient of 1.49 
and hemocyanin of 1.23. Comparison of the two molecules on this basis and dis- 
regarding hydration, gives hemocyanin an equatorial diameter of approximately 
90A, an a/b ratio of 1/5. 

Ninety Angstroms seems to be a rather high figure, judging by what one can 
find in the literature relative to the diameters of protein molecules, but it is safe to 
say that the meshwork opening in a mucous feeding net is of a magnitude between 
36 A and 90A. However, since some human serum globulin was caught by the net 
while no ovalbumin was, and because all hemocyanin was entrapped, a logical con- 
clusion is that the meshwork openings are quite close to 40 A. 

Solutions varying from two molecules of dye to one of protein to those with an 
excess of dye were used with hemocyanin. Since the dye T1824 has a molecular 
weight of 960 (Rawson, 1942-43), the molecular weight of any of the substances 
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used was not increased by more than 7,680. Human serum globulin was used in 
the proportion of five molecules of dye to one of the serum; thus the molecular 
weight was increased by 4,800. Allowing for this increase, the figure 40 A was 
used instead of 36 A, though the latter may be the more accurate figure. 

The results described in this paper were the same for the mucous nets of both 
Chaetopterus and Urechis, and it is my opinion that all feeding nets where used 
by tunicates (MacGinitie, 1939b), pelecypods (MacGinitie, 1941), gastropods (in 
mss.), etc., are of like physical and chemical structure, though only actual tests with 
each animal will prove this to be true. 


DISCUSSION 


There are several factors which preclude exact measurements, for example, un- 
certainty of molecular size, the shape of molecules, hydration, the shape of openings 
in the mucous network, surface conditions of both protein and mucoid molecules, 
rigidity of the mucus surrounding the openings, force or head of water flow, possible 
variation in the elasticity of the mucus, etc. 

Molecular size should not show an error of more than plus or minus ten per 
cent or less, and the shape of molecules about the same or possibly more. It is 
difficult to conceive of straight openings from side to side of a mucous net .5 to 1 
mm. in thickness. Where the mucous net remains attached to the body of Urechis 
it is about 3 mm. in thickness, and it was noted that the hemocyanin did not pene- 
trate greatly beyond the inner surface. It did penetrate sufficiently, however, to 
become incorporated in the mucous network. It cannot be washed out, and later 
it is shown that no reaction takes place between the mucous tube and the hemo- 
cyanin. This indicates a sponge-like structure, and not openings running directly 
from side to side. Mehl (verbal communication) is of the opinion that the mucous 
molecules are long and slender. The last three factors, rigidity, force of flow and 
variation in elasticity, are more interdependent. The greater the rigidity, the more 
uniformly constant the openings, and the less affected by force of current. 

Mucous nets are held under a certain amount of tension while the animal is 
feeding. When the net of Urechis is freed from the animal it at once collapses to 
one-half its original size and gradually draws up to much less than this if left free 
and immersed in sea water. 

When Urechis is pumping water through a burrow of glass tubing for respira- 
tory purposes (not feeding), and one end of the tube is held out of water the 
peristaltic movements can create a difference in head of four or more inches, which 
is equal to .144 lb. per square inch. Such pressures are never exerted upon a 
feeding tube. Under natural conditions perhaps but one-tenth of this amount of 
pressure is exerted upon the feeding tube. 

A check was made to determine if on standing there was any reaction between 
the protein of the mucous tube and that of the substances used. Clean mucous 
nets were put in stained solutions of hemocyanin and human serum globulin and 
left for one-half hour periods, then centrifuged; no hemocyanin or serum globulin 
united with the tubes. 

No dye has yet been found that will stain the pure mucus of a feeding net. 

In one rechecking of these experiments, some hemocyanin (Palinurus) was 
used which had been precipitated by low pH and stored in a frozen state for about 
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six months. This hemocyanin had denatured to the extent that it all passed 
through the mucous net. It is known that hemocyanin denatures to a greater ex- 
tent than most proteins, though all hemocyanins are not alike in their amount of 
dissociation. Neurath, Greenstein, Putnam and Erickson (1944), quoting Burk 
(1940), give a dissociation for Limulus hemocyanin of from 2,040,000 to 142,000 
for 6.66 M urea treatment and to 69,000 for HCI followed by 6.66 M urea. Meas- 
urements were made on the basis of osmotic pressures. This is a dissociation to 
about 1/14 for the urea treatment and 1/30 for the combined HCl-urea treatment. 
The difference between 142,000 and 69,000 is due to the removal of copper by the 
acid. 

The fact that all of the hemocyanin used in this rechecking experiment passed 
through is proof that its molecular size had been reduced, at least in one dimension, 
by a low pH or by freezing, to a size lower than that of the human serum globulin. 

Another factor, of which there are perhaps many more than were listed above, 
that could influence the passage of long molecules through a network such as that 
just described is the possibility that by physical means the molecules may be 


Diagram of Urechis caupo in a burrow, feeding. m.n., mucous net; p.w., peristaltic wave which 
drives water ahead of it. Other arrows indicate flow of water through the burrow. 


oriented in such a way that they may enter the network openings of the mucus small 
end first. This could be due to Brownian movement or electrical charge or flow in- 
fluence. Perhaps these feeding nets may be of value in helping us to solve such 
problems. 

The mucous net has been used to estimate the extent of polymerization in cer- 
tain proteins. It already has been shown that it is a test for denaturation of 
hemocyanin (Palinurus). It will also be useful in checking partial dissociation 
or denaturation or for possible adulteration by smaller protein molecules. 

There still remains the possibility that other animals may secrete mucous nets 
with meshwork different in porosity from that of Urechis and Chaetopterus, and 
further experimentation may show that the mucous net may be stretched or allowed 
to contract to further increase its range of usefulness. 

Considering the above findings, one is impressed with the efficiency of mucus 
as a net for straining food from water. The molecular size of decomposition prod- 
ucts would preclude their use as food material, but all other organic materials, in- 
cluding protein molecules of a size greater than 40 A in cross section could be used. 

It is interesting to think about a substance, which when it comes in contact with 
water, takes up 200 or more parts by weight of the latter, yet remains a meshwork 
which allows water to pass freely through it. It is also interesting that in its wide 
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use among the marine invertebrates as a food gathering mechanism it is seldom if 
ever wasted, since it is necessarily swallowed with the food that it has entrapped. 

I wish to express my appreciation to Dr. Linus Pauling, Dr. Dan H. Campbell 
and Dr. Albert Tyler for advice and materials, and to Dr. T. H. Morgan for read- 
ing the manuscript. 


SUMMARY 


1. A brief description is given of the food collecting net of the echiuroid worm 
Urechis caupo. Water flows freely through this mucous net. 

2. By introducing into this mucous tube proteins of known molecular size, 
namely, ovalbumin, 44,000; human serum globulin, 176,000; and hemocyanin 
(Palinurus), 450,000, the size of the openings was found to be approximateiy 40 
Angstroms. 

3. Experimental uses for the mucous net are given, and other possible uses sug- 
gested. 
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STUDIES ON THE OXYGEN CONSUMPTION AND WATER 
METABOLISM OF TURTLE EMBRYOS! 


W. GARDNER LYNN AND THEODOR VON BRAND 


Department of Biology, The Catholic University of America, Washington, D. C. 


As a result of the early work of Bohr and Hasselbalch and the later experiments 
of Murray and others there is available a considerable body of information con- 
cerning the respiratory exchange of the chick throughout its embryonic life and, 
although vertebrate groups other than birds have been less extensively investi- 
gated, the respiratory characteristics of the embryos of various fishes and amphi- 
bians are also fairly well known. Only two investigations of the respiration of 
reptilian embryos have been reported however, and these deal with but a few stages. 

Bohr (1904) carried on some experiments with the eggs of the snake, Coluber 
natrix, and found a decrease in respiration intensity with increasing age. The 
respiratory quotient as determined by Bohr was about 0.9 at all of the stages studied. 

Zarrow and Pomerat (1937) studied four eggs of the Green Snake (Liopeltis 
vernalis) which were in late stages of development and also investigated the respi- 
ration of the young after hatching. They report that the absolute gas exchange 
of the eggs was of the same order of magnitude as that of the young snakes but the 


respiratory quotient of the hatched animals was significantly greater than that of 
the embryos. 

The present experiments were undertaken with the purpose of providing 
closely spaced series of determinations of oxygen consumption of the reptilian 
embryo from the time the egg is laid until after hatching. Some data on changes 
in weight of the egg during development and on dry substance and fat content at 
different stages are also presented. 


MATERIAL AND METHODS 


The eggs used in these experiments were obtained from four species of turtles ; 
the Common Mud Turtle (Kinosternon subrurum subrurum), the Snapping Turtle 
(Chelydra serpentina serpentina), the Three-toed Box Turtle (Terrapene caro- 
lina triunguis), and the Eastern Painted Turtle (Chrysemys picta picta). One of 
these, the Three-toed Box Turtle, is a terrestrial form while the others are pri- 
marily aquatic. The Mud Turtles and Painted Turtles were collected from ponds 
in nearby Maryland, the Snapping Turtles were purchased from a dealer in Wis- 
consin and the Three-toed Box Turtles were sent to us from Monticello County, 
Arkansas, through the courtesy of Dr. Delzie Demaree. 

Eggs were obtained by killing the adult females and removing the eggs from 
the oviducts. They were kept on moist cotton in open dishes in an incubator the 


1 We are indebted to the Permanent Science Fund of the American Academy of Arts and 
Sciences for a grant for the purchase of the Warburg vessels used in this investigation. The 
water bath used was made available through a previous grant from the Elizabeth Thompson 
Science Fund. 
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temperature of which varied between 25.0° and 25.5° C. Most of the eggs main- 
tained under these conditions seem to have developed normally although a number 
of them died during the course of the long period which elapsed before hatching. 
Dead eggs had a tendency to become moldy on the surface and were, of course, 
discarded. Moreover it proved possible after some experience to ascertain, by 
candling the eggs, whether or not living embryos were present and in all experi- 
ments except those with very early stages this test was employed. A further check 
was provided by opening some of the eggs of the experimental series from time to 
time or by carrying them through to hatching. It is thus possible to state positively 
that all of the eggs which provided the data on oxygen consumption were living and 
apparently developing normally. 

To obtain some information concerning changes in weight during development, 
some eggs of each species were weighed at intervals on an analytical balance. In 
all cases excess moisture was wiped from the surface before weighing and weights 
were taken to the nearest milligram. 

Determinations of the oxygen consumption of eggs and hatched turtles were 
carried out with Warburg manometers equipped with flasks having about 120 cc. 
capacity. The CO, was absorbed in the customary manner with KOH, the flasks 
were not shaken and the eggs were kept dry. In all experiments seven flasks were 
used simultaneously, one serving as a thermobarometer while the other six con- 
tained eggs. In the great majority of the experiments only a single egg was in- 
troduced into a flask. With very young stages at the beginning of our study, 
several eggs were used in each flask. Since, however, not all eggs develop nor- 
mally it was later necessary to reject some of these experiments because, upon 
opening the eggs at a later date, one or more of a lot used in a single manometer 
proved to be infertile or abnormal. Since the rate of oxygen consumption of 
young stages is low, while that of older ones is high, the individual determinations 
were carried through periods of various lengths. With very young stages the 
usual period was 24 hours with two or three readings only, with older stages the 
period was 5 to 6 hours with hourly readings and with late stages 2 to 3 hours with 
half-hourly readings. In the case of very late stages of the Snapping Turtle the 
experimental periods were sometimes limited to 144 hours because the oxygen con- 
sumption was so high as to preclude further readings with the manometers used. 
At the outset of the experiments it became clear that the temperature equilibration 
between the surroundings and the egg is very slow. When eggs were introduced 
directly from the incubator at 25.0-25.5° C. into the manometer flasks in a water 
bath at 25.4+ 0.01° C. the equilibration took at least two hours. It was there- 
fore necessary to keep the eggs that were to be used for an experiment in the water 
bath over night. This was done by placing them on moist cotton in an open jar 
immersed in the water bath. Under such conditions an equilibration of 45 minutes 
before the manometers were closed proved to be sufficient. 

Since it was necessary, in making the calculations of oxygen consumption, to 
know the volumes of the eggs used, a method was devised for measuring the vol- 
umes to the nearest 0.1 cc. The apparatus employed for this * was a wide-mouthed, 
glass-stoppered bottle with a 10 cc. graduated pipette fused in the stopper and a 
20 cc. graduated syringe fused in the side of the bottle near its base. The bottle 


2 We are indebted to Mr. W. F. Simpson of this department for devising this apparatus. 
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was filled with water, closed and the water forced into the pipette by pushing the 
syringe to the zero mark. A reading was then taken on the pipette. The syringe 
was opened again to lower the water level, the stopper of the bottle was removed 
and the egg to be measured was inserted. The top was then replaced, the syringe 
was pushed to the zero mark and a new reading was taken on the pipette. The dif- 
ference between this reading and the preceding gives the volume of the egg. 

Determinations of the dry substance and fat content were carried out as fol- 
lows. Two batches of young Snapper eggs (ten eggs each) and two batches of 
newly hatched Snappers (ten and seven turtles respectively) were dried to constant 
weight in an oven at 100-105° C. In the case of the eggs, the egg contents and the 
shells were dried separately. The fat content was determined according to the 
method of Kumagava and Suto (1908) with the slight modification used by Rein- 
hard and von Brand (1944). 

Large numbers of eggs of the Painted Turtle and Snapping Turtle were avail- 
able and eggs of these forms were opened every few days to give closely staged 
series of preserved embryos. This makes it possible to correlate the oxygen con- 
sumption with both the age and the stage of development in these species. From 
the Mud Turtle and the Three-toed Box Turtle relatively few eggs were obtained 
and our series of normal stages for these animals are therefore incomplete. 


RESULTS 
Developmental rate and incubation period 


In view of the paucity of published information concerning the embryology of 
the turtles used in the present work it is necessary, before discussing our experi- 
mental results, to give some general account of the developmental history of these 
forms. 

The normal egg complement of a single female differs markedly in the four spe- 
cies. For the Mud Turtle we had only two adult females and these yielded four 
and three eggs respectively. Six adult Three-toed Box Turtles were used; four 
of these had only two eggs each in the oviducts and the other two had three eggs 
each. In a group of ten Painted Turtles the number of oviductal eggs ranged 
from two to eight, but most individuals had either five or six eggs and the average 
number was 5.4. The Painted Turtles used were all about the same size, having 
carapace lengths of 13.0 to 15.5 cm. Nine Snapping Turtles with carapaces 27.0 
to 33.0 cm. long were opened. The smallest number of eggs found was 29, the 
greatest 61. The average yield for the nine animals was 44.5. This is of some 
interest in view of the fact that Pope (1939) records for the Snapper that “A 
female lays from twenty to about forty eggs at one time. Higher numbers (even 
up to seventy) are often given, but they probably are either sheer estimates or 
counts made in compound nests.” It is, of course, not certain that all of the 
eggs found in the oviducts would be laid at one time or in one nest but our records 
do show that a single female may produce well over 40 eggs during one season. 

In all of these species, and probably in turtles generally (Risley 1932, 1944), 
the eggs pass through the cleavage stages while still within the oviduct and are in 
early stages of gastrulation when laid. If the eggs are retained in the oviduct for 
unusually long periods they practically cease development during this time, possibly 
because of anaerobic conditions, and therefore eggs removed directly from the ovi- 
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duct are all at the same stage even though the dates of removal may be several 
weeks apart. Thus in our experiments, from a single lot of Snapping Turtles 
some females were killed on June 30 while others were retained until July 27, but 
the eggs of both were at the same stage of development when removed and were 
carried through to hatching with equal success. 

At the temperature used in the present work (25.0-25.5° C.) the average times 
required for incubation were as follows: Mud Turtle, 76 days; Painted Turtle, 
63 days; Snapping Turtle, 72 days. None of the Three-toed Box Turtle eggs were 
carried through to hatching but eggs opened after 70 days incubation contained 
well-formed turtles attached to yolk masses about 6.0 mm. in diameter. They 
would probably have required at least 10 more days before hatching. It should 
be pointed out that even under uniform environmental conditions there is some 
variation in the rate of development and the period of incubation. For example, 


40 


DAYS 


Figure 1. The increase in length of the carapace of the turtle embryo during the period of 
development. @= Painted Turtle; + —=Snapping Turtle. 


in a single clutch of 8 Painted Turtle eggs the incubation period varied from 58 
to 68 days and in a clutch of 61 Snapping Turtle eggs the limits of variation were 
69 to 78 days. 

As an indication of the relative rate of growth of the embryo at successive 
stages, measurements have been made of the series of preserved embryos of the 
Painted Turtle and the Snapper. Because of the difficulty of making reliable 
measurements of total length in these animals it has seemed best, for the present 
purpose, to use the length of the carapace. This can be measured accurately and 
does seem to furnish a reliable criterion of the rate of growth of the body as a 
whole. Such a procedure necessitates neglecting about the first twenty days of 
development, before the carapace is formed, but as will be seen it is the latter part 
of development which is of most interest in our results on the oxygen consumption. 

Figure 1 gives curves for the increase in length of the carapace in the Painted 
Turtle and Snapping Turtle. Each point represents a single measurement. In 
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the case of the Painted Turtle all embryos in the series were from eggs kept in the 
incubator. Because of lack of space, the Snapper eggs used for the preserved series 
were kept in a laboratory the temperature of which varied but averaged about 25° 
C. The fact that these eggs hatched at the same time as did those in the experi- 
mental series of Snapper eggs which were kept in the incubator seems to justify 
the conclusion that the growth rate in the two lots was quite similar. 


0 3 4 5 6 
HALF-HOUR PERIODS 


Figure 2. Oxygen consumption of four different specimens during consecutive periods of 
single experiments. A = newly hatched Snapping Turtle; B = Snapping Turtle egg, 42 days 
incubation ; C = Mud Turtle egg, 45 days incubation; D= Painted Turtle egg, 23 days incuba- 
tion. 


It will be noted that the curves for the two species agree closely and indicate 
that the growth rate is relatively low during the early stages of development but 
rises rapidly after about the thirtieth day and then tends to remain nearly constant 
after the sixtieth day. The growth rate of the Snapping Turtle is somewhat higher 
than that of the Painted Turtle during the period from the thirtieth to fiftieth day 
however, so that its curve lies at a higher level than does that of the Painted Turtle 
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during this time. The general similarity of these curves to those for oxygen con- 
sumption will be noted later. 

It should be pointed out that, although the length of the carapace at hatching 
was found to be the same in the Painted Turtle and Snapping Turtle, the Snapper 
hatchling is really much the larger animal for it is broader and bulkier than the 
young Painted Turtle. Thus the average weight of ten new-hatched Painted 
Turtles was 4.25 grams while the average weight of ten Snapper hatchlings was 
7.18 grams. Clearly, therefore, the measurements of carapace length serve only 


TABLE I 


Oxygen consumption of developing turtle eggs, turtles in the process of hatching (hg) and 
newly hatched turtles (h). The figures are mean values representing cubic millimeters of oxygen 
per egg or organism per hour. 





Age in Three-toed Mud Painted Snapping 
Box Turtle Turtle Turtle Turtle 


18 
14 32 
29 


95 


133 
185 


293 
375 


526 
456 
396 
463 
552 
632 (hg) 
427 
476 
555 751 
447 1,036 (hg) 
868 (hg) 641 (h) 
581 
418 617 (h) 
517 (h) 607 (h) 795 (h) 
748 (h) 
437 (h) 
541 (h) 
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to give an indication of relative growth rates at different periods and do not tell us 
the absolute rate of growth. Since, however, our primary interest in relation to 
the oxygen consumption experiments is in the relative rate of growth, the data 
derived from the length measurements seem sufficient for our purpose. 


Oxygen consumption 


When the precautions outlined in the section on material and methods were 
taken, the successive readings of single manometers proved to be quite regular 
regardless of the stage of development of the contained egg or young turtle. Ex- 
amples of the actual oxygen consumption during individual experiments taken at 
random from our protocols are shown in Figure 2 to illustrate the various lengths 
of experimental periods, the various times between readings and the obvious regu- 
larity of the oxygen consumption. 

The mean values of all our experiments on the oxygen consumption of the 
turtle egg are presented in Table I. The number of individual determinations at 
each stage varied somewhat but most of the figures in this table are averages of 
from three to six determinations. These same data are shown graphically in Fig- 
ures 3 and 4. The figures for the Mud Turtle, Painted Turtle and Three-toed 
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Ficure 3. Oxygen consumption of the developing eggs of the Mud Turtle, the Painted 
Turtle and the Three-toed Box Turtle during the period of incubation. @®= Mud Turtle, 
+ = Painted Turtle, O = Three-toed Box Turtle. 


Box Turtle were fairly close, if identical ages are compared, and they fit rather well 
to one curve (Fig. 3). The egg of the Snapping Turtle, as was to be expected in 
view of its greater size, proved to have a much higher oxygen consumption than 
did the eggs of the other three species (Fig. 4). It has been pointed out that the 
weight of a newly hatched Painted Turtle is only about 60 per cent of that of a 
Snapper hatchling and it may be assumed that such weight differences exist even at 
early embryonic stages. Despite the fact that the curve for the Snapper is at a 
higher level than that for the other three species, it is obvious that the fundamental 
nature of the curve is the same in all the forms investigated. Its general shape 
corresponds to that of the respiratory curves described for the hen’s egg (Bohr 
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and Hasselbalch 1900, 1903; Murray 1925). It should be noted that the curve 
for the oxygen consumption of the Snapper egg shows a somewhat steeper slope 
during the period between the thirtieth and fiftieth days than does the curve for 
the other three species. Reference to Figure 1 shows that this must be related to 
the more rapid increase in size shown by the Snapper embryo during this time. 
The similarity of the curves for oxygen consumption to those for length increase 
is quite striking. 


30 40 50 60 70 


DAYS 


Figure 4. Oxygen consumption of the developing eggs of the Snapping Turtle during the 
period of incubation. 


In the case of the turtle one may say that, in general, during the first 50 days 
of incubation the oxygen consumption is a little less than doubled every 10 days. 
The single points deviate from the curve but slightly during the first 40 to 50 days 
but later the deviations become quite pronounced. This period of irregularity 
corresponds more or less with the period when the curve flattens out. There is, 
of course, no doubt that the movements of the embryo increase during the latter 
part of development and it can be assumed that variations in muscular activity are 
responsible for the variability in the rates of oxygen consumption of older em- 
bryos. That this assumption is correct can be inferred from another observation. 
In Table I are listed some values for turtles that were in the process of hatching 
and it will be seen that these values are higher than both those for advanced 
embryos and those for young hatched specimens. The obvious explanation is that 
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the breaking of the egg shell and emergence from the egg require special muscular 
efforts and so necessitate a higher oxygen consumption during that time. 

It should be noted that the values listed in Table I for the oxygen consumption 
of hatched turtles are about the same as, or only slightly higher than, those for 
advanced embryos. This is in line with the observation of Zarrow and Pomerat 
(1937) on embryos and young of the Green Snake. In the case of the chick how- 
ever the young, during the first ten days, consumes about five times as much oxygen 
per hour as does the embryo just before hatching (Lussana 1905). This is doubt- 
less to be ascribed to the great amount of muscular activity of the young chick. 

The average oxygen consumption per gram per hour for the hatched turtles 
were as follows: Mud Turtle, 178 cmm.; Painted Turtle, 186 cmm.; Snapping 
Turtle, 106 cmm. An exact comparison with rates of oxygen consumption of 
adult turtles is not possible since no data are available from experiments performed 


TABLE II 


Individual variations in the oxygen consumption of eggs of the same age 


O2 consumption in cmm./egg/hour 





Snapping Turtle 67 39 52 59 
Snapping Turtle $ 355 624 592 710 
Snapping Turtle 914 553 860 
Three-toed Box Turtle 82 73 85 

Three-toed Box Turtle 206 153 

Painted Turtle : 144 | 116 

Painted Turtle : 538 494 565 

Painted Turtle 645 568 636 581 





near 25° C. Baldwin’s (1926) figures for experiments conducted at 20° C. are: 
Painted Turtle (Chrysemys picta marginata) of 1,200 gm., 49.2 cmm./gm./hr. ; 
Snapping Turtle of 1,700 gm., 56.2 cmm./gm./hr. If, as can be supposed, the tem- 
perature coefficient of the turtle respiration is in the normal range of about 2, the 
oxygen consumption per unit weight of young specimens is somewhat higher than 
that of adults. This would be in agreement with the findings of many investiga- 
tors for both cold-blooded and warm-blooded animals. In view of the uncertainty 
of the temperature coefficient it seems premature to try to calculate whether identi- 
cal values for juvenile and adult specimens would be obtained if the calculations 
were based on surface area rather than on weight. 

In connection with the curves shown in Figures 3 and 4 it is necessary to 
emphasize that the individual points on the curves represent averages of several 
determinations and that, in some cases, there were considerable differences in the 
rate of oxygen consumption of different eggs of the same age. The extent of such 
variations is indicated by some examples presented in Table II. In most cases we 
are not able to account for these variations but it is clear that not all eggs devel- 
oped at exactly the same rate in spite of the uniformity of the external conditions 
and therefore we occasionally found that two eggs of the same lot, opened on the 
same day contained embryos which differed significantly in size. For example, 
two Painted Turtle eggs taken from the same female and incubated for 50 days 
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both contained living and seemingly normal embryos but one embryo measured 13.0 
mm. while the other measured 16.5 mm. Similar cases could be cited for the 
Snapper and the Three-toed Box Turtle. At the later stages of development it is 
probable that individual differences in the amount of movement of the embryos 
during the period of the experiment would suffice to account for most of the varia- 
tions in oxygen consumption. It is, in fact, apparent from our protocols that, 
during the late stages, a single egg used on successive days often showed a regular, 
but relatively high rate of oxygen consumption on one day and a regular but low 
rate on another. There would thus seem to be some periods of activity of fairly 
long duration and other periods when the embryo is quiescent. 

Despite the individual variations discussed above it is clear, from examination 
of Figures 3 and 4, that the number of determinations and the number of eggs used 
in these experiments must have been large enough to eliminate any great errors 
due to variations. Otherwise one would hardly expect such smooth curves. 


Changes in weight, dry substance and fat content during development 


Previous observations on weight changes in the eggs of turtles have indicated 
that there is a considerable water intake during development. Cunningham and 
Hurwitz (1936) report a 37 per cent increase in the weight of the egg of the Dia- 
mond-back Terrapin and a 50 per cent increase in the egg of the Marine turtle, 
Caretta caretta. Cunningham and Huene (1938) found that the Snapping Turtle 
egg may show a maximum weight increase of 60 per cent and the Painted Turtle 
egg a maximum increase of 75 per cent. 


In view of these results Needham (1942) lists the chelonian egg as a non- 
cleidoic egg, one which is dependent upon uptake of water from the environment for 
successful incubation. Although this subject was not of immediate concern in the 
present investigation, some of the eggs of each species were weighed from time to 
time and the results seem worthy of mention as indicating that the eggs of different 
species are quite differently constituted in respect to their water requirements 
and that the amount of water intake necessary for successful development need not 
be so great as the figures of Cunningham and Huene would indicate. In our ex- 
periments the eggs of the Snapping Turtle, the Painted Turtle and the Three-toed 
Box Turtle all showed an increase in weight during development but the increases 
were not so great as those reported by Cunningham and Huene. This difference 
is probably due to a difference in conditions. All of the eggs in our experimental 
series were kept on cotton which was constantly kept moist and the incubator al- 
ways had some moisture condensed on the walls. Under these conditions a high 
percentage of the eggs hatched successfully. On the other hand, eggs kept on moist 
cotton on a laboratory shelf lost water rapidly, as evidenced by collapsing of the 
shells, and it was found necessary to keep these eggs covered by a layer of wet 
cotton in order to bring them through to hatching. The eggs used by Cunningham 
and Huene were buried in moist sand. 

A group of eight Painted Turtle eggs which were kept in the incubator were 
weighed at approximately weekly intervals throughout their development and the 
young turtles from these eggs were weighed shortly after hatching. The initial 
weights, taken within 2 hours after removal from the oviducts, ranged from 4.858 
gm. to 5.773 gm. and gave an average of 5.275 gm.; at 60 days incubation the 
weights ranged from 5.821 gm. to 6.349 gm. and averaged 6.069 gm. There was 
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thus a weight increase of 0.794 gm., approximately 15.1 per cent of the initial weight. 
It is of interest that this increase was made mostly during the first 9 days of de- 
velopment and that after that time the weights of all eggs stayed fairly constant. 
The average weight of these eggs 24 hours after removal from the oviducts was 
5.286 gm. but at the next weighing (9 days) the average weight was 6.020 gm. 
The young which hatched from these eggs varied in weight from 3.867 gm. to 
4.470 gm. and averaged 4.205 gm. 

Our data for the Snapping Turtle and the Three-toed Box Turtle, although 
not so complete as those for the Painted Turtle, indicate a similar water uptake from 
the environment. The average weight of ten Snapping Turtle eggs at one day of 
incubation was 9.944 gm.; at 61 days they had increased in weight to give an aver- 
age of 10.979 gm., an increase of 10.4 per cent. The average weight of five Three- 
toed Box Turtle eggs was 8.153 gm. at one day and 9.66 gm. at 70 days, an increase 
of 18.5 per cent. 

Only four eggs of the Mud Turtle were available but these, although they were 
kept in the same dishes as the Painted Turtle eggs and were weighed at the same 
times, gave strikingly different results. The four eggs had initial weights of 4.010 
to 4.370 gm. and averaged 4.211 grams. The averages for the later weighings 
were as follows: 9 days, 4.120 gm.; 19 days, 4.144 gm.; 28 days, 4.106 gm.; 38 
days, 4.147 gm.; 54 days, 4.120 gm.; 60 days, 4.112 gm. Thus these eggs under 
the same conditions as those of the Painted Turtle showed no significant change 
in weight during the whole developmental period. The difference between these 
two is probably to be attributed to the difference in the nature of the egg shell for 
the shell of the Mud Turtle egg is hard, thick and brittle while the Painted Turtle 
egg has a shell which though tough, is more or less parchment-like and can be 
dented with the finger without breaking. The eggs of the Snapper and Three- 
toed Turtle have thicker and more rigid shells than do those of the Painted Turtle 
but do not have the brittle, china-like appearance of Mud Turtle eggs. 

In view of the fact that a high percentage of the eggs in our experimental series 
hatched and gave normal young turtles many of which are still alive we may con- 
clude that the egg of the Mud Turtle is a cleidoic egg in Needham’s sense, requir- 
ing no uptake of water for its successful development and that the eggs of the 
other three species used are able to carry through their development with much less 
water uptake than was previously believed. Just what the minimum requirements 
may be remains to be investigated. 

The initial differences in weight of the eggs of the different species used are, 
of course, chiefly due to characteristic differences in size of the eggs. In the ex- 
tensive literature dealing with the natural history of turtles it is customary to 
indicate these size differences by giving measurements of the length and breadth 
of the egg but since turtle eggs are often rather regular in shape we feel that the 
volume of the egg furnishes a more reliable index of its relative size. The average 
volumes of the eggs used in the present work were as follows: Mud Turtle, 3.7 cc.; 
Painted Turtle, 5.3 cc.; Three-toed Box Turtle, 8.1 cc.; Snapping Turtle, 8.7 cc. 
The limits of individual variation were: Mud Turtle (4 eggs), 3.64.0 cc.; Painted 
Turtle (26 eggs), 4.7-6.1 cc.; Three-toed Box Turtle (12 eggs), 7.1-9.0 cc.; 
Snapping Turtle (17 eggs), 7.5-9.9 cc. It may be of interest to note that in our 
largest clutch of Snapping Turtle eggs (61 eggs) there were two which were un- 
usually large, having volumes of 15.3 and 13.5 cc. respectively. These when 
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opened proved to be double-yolked eggs both of which were, unfortunately, infer- 
tile. We have seen no other double-yolked turtle eggs nor have we encountered any 
reference to them in the literature. 

Our data on the changes in dry substance and in fat content apply to the Snap- 
ping Turtle only and were derived from determinations on 20 eggs (at 15 days 
incubation) and on 17 newly hatched turtles. The eggs were analyzed in two 
batches of ten eggs each and the turtles in two batches of ten and seven animals 
respectively. The results of these determinations are summarized in Table ITI. 


TABLE III 


Changes in dry substance, water content and ether extract during the development of the 
Snapping Turtle egg. The values are expressed in grams per egg (or, in the case of hatched 
turtles, in grams per individual) and are mean values of two determinations. The single values 
are given in parentheses. 


‘ = a Decrease during 
Egg contents Egg shell Hatched turtles development 








Fresh weight 8.80 1.56 7.36 1.44 
(8.54, 9.05) (1.56, 1.57) (7.54, 7.18) 

Dry weight 1.91 1.14 1.45 0.46 
(1.89, 1.92) (1.15, 1.13) (1.52, 1.38) 








Water 6.89 0.42 5.91 
(6.65, 7.13) (0.41, 0.44) (6.02, 5.80) 


Ether extract 0.273 0.212 
(0.258, 0.288) (0.220, 0.203) 


These data show that the hatched animal has considerably less water than the 
original egg and about 0.5 gram less dry substance. Much of the water loss is to be 
accounted for by the fluids of the amniotic and allantoic cavities which are lost at 
hatching. We have no precise measurements on this for the Snapping Turtle but 
one of the Mud Turtle eggs was opened on the 77th day and the following weights 
were obtained: whole egg, 4.341 grams; embryo, 3.207 grams; shell, 0.674 gram; 
fluid, 0.409 gram; unaccounted for, 0.054 gram. The fluid lost at hatching thus 
amounted to at least 9.4 per cent of the weight of the whole egg just before hatch- 
ing. A comparable percentage is undoubtedly lost in the Snapping Turtle. Al- 
though no determinations of the inorganic substances were made, it can be assumed 
that the loss of dry substance was primarily due to the oxidation of organic ma- 
terial. 

Fat was consumed to the extent of 61 mg. per egg. Since one gm. of fat of 
average composition requires 2,020 cc. of oxygen for total oxidation the fat disap- 
pearing from the Snapper egg would require 123 cc. of oxygen for its combustion. 
The total oxygen consumption during development up to hatching, as computed 
from Figure 4, is about 500 cc. This leaves about 380 cc. of oxygen for oxidation 
of the 400 mgm. of dry substance additionally consumed (total dry substance used, 
minus fat consumed). Four hundred mgm. of carbohydrate are totally oxidized 
by 300 cc. of oxygen and the same amount of protein by 400 cc. of oxygen. It 
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would appear possible, therefore, that relatively large amounts of protein have 
been consumed. In view, however, of the fact that relatively small errors in the 
fat figures might shift the emphasis towards the carbohydrates (if instead of 61 
mgm., 100 mgm. of fat had disappeared, then about 300 cc. of oxygen would be 
left for residual oxidations), more definite conclusions will have to wait for direct 
determinations of carbohydrates and proteins or for determinations of the respira- 
tory quotient. Nevertheless, the evidence available from other sources does sup- 
port the idea that perhaps large amounts of protein are catabolized during the 
development of turtles. Karashima (1929) observed that the egg of Thalassochelys 
corticata loses 0.52 gm. of fatty acids up to the time of hatching while Nakamura 
(1929) found a loss of 0.086 gm. of nitrogen during the first 45 days of develop- 
ment. This figure for nitrogen loss corresponds to an approximate protein de- 
gradation of 0.53 gm. per egg. It does not however represent the entire protein 
degradation, since no hatched turtles were studied and it may be pointed out that, 
according to Karashima’s report, only 0.28 gram of fat was used during the first 
45 days of development. 


SUMMARY 


1. The average period of development of the Mud Turtle egg at 25.0 to 25.5° C. 
is 76 days; that of the Painted Turtle egg, 63 days; and that of the Snapping 
Turtle egg, 72 days. 

2. Measurements of the carapace lengths of developing embryos of the Painted 
and Snapping Turtles indicated a relatively slow growth rate during early develop- 
ment, a rapid rise during the period between the thirtieth and sixtieth days, and 
almost no increase in length from the sixtieth day up to hatching. 

3. The figures for the oxygen consumption of the developing eggs of the Mud 
Turtle, Painted Turtle and Three-toed Box Turtle agree closely and can be ex- 
pressed by a single curve while those for the Snapping Turtle egg, though they 
give a fundamentally similar curve, show a significantly higher rate of metabolism. 
This is to be attributed to the greater bulk of the Snapper embryo. 

4. During the first 50 days of development the oxygen consumption was a little 
less than doubled every 10 days; later on the curves flatten out. 

5. While the increase in oxygen consumption is quite regular during the first 
40 to 50 days of development irregular values were obtained at later stages, prob- 
ably as a result of muscular activity of the embryos. 

6. Young hatched turtles have about the same rate of oxygen consumption as 
do advanced embryos. The highest values for oxygen consumption were obtained 
from eggs studied while in the process of hatching. 

7. The eggs of the Snapping Turtle, Painted Turtle and Three-toed Box 
Turtle showed a definite water intake during development as evidenced by a pro- 
gressive weight increase but no such phenomenon was found in the case of the Mud 
Turtle egg. 

8. The Snapping Turtle egg shows an average loss, during development, of 0.46 
gram of dry substance. Fat is consumed in the amount of 61 mg. per egg. These 
data in conjunction with those on the oxygen consumption make it appear possible, 
though not yet certain, that large amounts of protein are catabolized during the 
development of this animal. 
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THE DEVELOPMENTAL HISTORY OF AMAROECIUM CONSTELLA- 
TUM. 1. EARLY EMBRYONIC DEVELOPMENT 


SISTER FLORENCE MARIE SCOTT 


Marine Biological Laboratory, Woods Hole, and the Biology Department, Seton Hill College, 
Greensburg, Pennsylvania 


INTRODUCTION 


The Tunicata have held the interest of biologists since Kowalevsky established 
their taxonomic position by identifying the larvae with Chordates. In their em- 
bryology apparent mosaic development has presented a rich field of investigation 
for both descriptive and experimental embryology. Conklin’s exhaustive study of 
Styela (1905) established the pattern of development which has been verified for 
Ascidiella, Ciona, Molgula, Botryllus, Phallusia, and also for Amphioxus. These 
forms agree in having a moderate supply of yolk that neither obscures nor inter- 
feres with the pattern of development. Studies on the early embryology of heavily 
yolked forms have been restricted to papers on Distaplia (Davidoff, 1899-01) and 
Amaroecium proliferum (Maurice et Schulgin, 1884). Since these investigations 
are incomplete it was thought that the study of an egg with abundant yolk might 
be of interest in analyzing the extent to which yolk modifies the processes of mo- 
saic development. Amaroecium constellatum was chosen because of the apparent 
twisting of symmetry in its axial structures, the neural tube lying to the left of 
the notochord rather than dorsal to it." 


MATERIAL AND METHODS 


Amaroecium constellatum is a compound Ascidian commonly known along the 
eastern shore of the United States as “sea pork.” The zooids are elongate and 
clustered together to form thick fleshy colonies. The gonads are located in the 
long post-abdomen, testes posterior to the ovaries which crowd up against the lower 
part of the abdomen. Fertilization is internal and the embryos develop within 
“brood spaces.” The embryos are located along the length of the ascidiozooid ac- 
cording to the degree of development, the eggs and early stages being lodged in the 
post-abdomen and lower abdomen ; the later stages of tadpoles, in the thoracic region 
from which they escape when development is completed. The shape of the eggs 
varies by crowding from spherical to polyhedral. The average diameter of the 
fixed egg is 250 micra. 

The breeding season extends throughout the summer months. All stages are 
abundant during July and August. During the latter part of June and the early 
part of September the embryos are few in number. Eggs and embryos are ob- 
tained by squeezing the adult colonies in a finger bowl of sea water. Some of the 


1] express deep gratitude to Professor E. G. Conklin for his interest and encouragement in 
the preparation of this paper. 
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earlier stages may be obtained by dissecting the individual members of colonies 
under a low power microscope. The post-gastrulation stages will continue to de- 
velop in tanks in the laboratory but the pre-gastrulation stages are extremely sensi- 
tive. They disintegrate shortly after their removal from the adults without com- 
pleting the divisions then in progress. These embryos must be used as soon as 
removed and when the material is fresh. 

The study of whole embryos is made difficult but not impossible by the character 
and arrangement of the test cells. Observations, as far as the establishment of the 
neural plate, were made on whole specimens. They were fixed in Bouin’s fluid and 
preserved in 70 per cent alcohol in which they were mounted on shallow depression 
slides in vaseline cells to permit rolling them about for examination. The picric 
acid is retained strongly by the yolk granules whereas the yolk-free cytoplasm, im- 
mediately about the nucleus, is colorless. The contrast provides a reliable means 
for the identification of cells. The position of the spindles can be ascertained and 
the orientation of the cells known with certainty. Both reflected and transmitted 
light were used. 

Berrill’s (1932) technique of hydrolyzing the test with digestive juices was 
tried but by the time the closely applied test was removable the enzymes had at- 
tacked the cells themselves. 

The critical stages immediately preceding and following gastrulation were 
drawn with the aid of a camera lucida, then embedded and sectioned in the manner 
suggested by Doctor Eleanor Slifer (oral communication) for yolk-laden eggs. All 
reconstructions were made from serial sections studied in conjunction with whole 
cleared specimens. 

This study deals with the embryo as far as the end of gastrulation. A second 
paper is concerned with organogenesis in the tadpole. 


EARLY DEVELOPMENT 


Since there are many maturation spindles in evidence in the unfertilized eggs 
but no polar bodies formed, it seems reasonable to conclude that Amaroecium agrees 
with Styela in extruding its first polar body at fertilization. The egg at this time 
is plentifully supplied with yolk granules. The test cells are embedded in the pe- 
ripheral cytoplasm in a compact layer and the follicle cells are tightly pressed 
against the chorion. After fertilization the test cells are clustered outside the egg 
and inside the chorion in small irregular groups, some remaining embedded in the 
cortical cytoplasm. The chorion is lifted from the surface leaving a wide peri- 
vitelline space. As cleavage proceeds the test cells completely fill up this space as 
well as any available cleavage furrows and depressions on the surface of the young 
embryo. On its external surface the test presents the appearance of a pavement 
epithelium. In section it consists of compact layers of spindle shaped cells with 
deeply staining nuclei. 

The first cleavage is meridional and divides the egg into two blastomeres which 
represent the right and left halves of the future embryo. The right blastomere 
is slightly smaller than the left one (Fig. 1,C; 2,B). In some cases the disparity 
seems greater than in others, due, probably, to variations in shape of the egg re- 
sulting from pressure of contiguous eggs. It has been shown in the simple Tuni- 
cates and in Amphioxus (Conklin, 1905, 1932) that the cleavage nucleus lies pos- 
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terior to the center of the egg but in the midline. The disparity in size of the 
first two blastomeres in Amaroecium indicates that the meeting of male and female 
pronuclei is effected not only in the posterior region of the egg but also to the 
right side of the midline (Fig. 1,B; 2,A). In Amaroecium, therefore, there is 
a double eccentricity of the zygote nucleus, posterior and to the right of the main 
axis of the egg. 

In all the sections of Amaroecium eggs examined the polar bodies lies eccentric- 
ally with respect to the main mass of yolk (Fig. 1,A). By assuming that the 
germinal vesicle always lies to the right of the apex of the elliptical egg and also that 
the sperm penetrates on the same side it is possible to explain the lateral eccentric- 
ity of the zygote nucleus to the right of the median axis; this, in turn, explains 
the constant inequality in size of the first two blastomeres. 

The second division also is meridional and at right angles to the first, thus di- 
viding the egg into two anterior and two posterior blastomeres. The posterior 


~ 


Figure 1. Photomicrographs of A. Fertilized egg; first polar body extruded, spindle for 
second polar body forming. Chorion is broken at the animal pole. Test cells bulge through 
the chorion. B. Cross section through animal pole of egg after fusion of the pronuclei showing 
double eccentricity of the nucleus posterior to and lateral to the midplane of the egg. C. Two 
cell stage; smaller cell is right blastomere. Magnification—250 


blastomeres are smaller than the anterior two. Beginning with the smallest of the 
four they fall into this order: the right posterior, the right anterior, the left pos- 
terior and the left anterior. The nuclei of all lie at the extreme tip of the cells 
toward the animal pole (Fig. 2,C,D). The third cleavage cleaves the egg in the 
latitudinal plane into four micromeres at the animal pole and four heavily yolked 
iacromeres at the vegetative px ile. 

The nuclei and their areas of yolk-free cytoplasm elongate in the direction of 
the next division and the spindle remnants remain clearly evident after the division 
is completed. These two features constitute valuable means of identifying the axes 
of the embryo. 

The spindles of the two anterior micromeres are parallel with the antero-pos- 
terior axis whereas in the two posterior micromeres they are transverse to this axis 
and the posterior cells form an are around the anterior cells (Fig. 3). The elon- 
gate cytoplasmic areas of the posterior macromeres in preparation for their next 
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division converge towards the animal pole. The cytoplasmic areas of the anterior 
macromeres lie parallel with the lateral borders of the overlying micromeres 
(Fig. 3). 

It will be convenient for purposes of ready reference to designate the cells by 
the letters used by Conklin in his study of cell lineage in the Tunicates. By under- 
lining the cell designation of the left side he distinguishes them from their corre- 
sponding members on the right side. In the eight cell stage the anterior left 
macromere is A 4.1, the right one is A 4.1. The corresponding micromeres are 


Figure 2. A. Fertilized egg before first division, B. Two cell stage; posterior view, C. 
Four cell stage; anterior view, D. Polar view of four cell stage. Vegetative pole position of 
nuclei showing. Except where noted all magnifications are 266 x. 


a 4.2 and a 4.2. The posterior left and right macromeres are B 4.1 and B 4.1 re- 
spectively. Their corresponding micromeres are b 4.2 and b 4.2 (Fig. 3). 

The fourth division is significant in that it accomplishes the distribution of 
cytoplasmic substances to areas similar to those recognizable in forms with less 
yolk in their eggs. All the micromeres divide at approximately the same time. 
Both pairs of macromeres divide unequally into a smaller pair of cells toward the 
animal pole and a large pair of yolk-charged macromeres occupying the entire 
vegetative hemisphere. The median derivatives of the anterior pair constitute the 
chorda-neural crescent, the posterior derivatives are combined mesoderm and 
ectoderm. All sixteen cells can be seen in polar view (Fig. 4). 

Since the cleavages are not synchronous beyond the sixteen cell stage it may be 
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well at this point to summarize the cell lineage in the egg of Amaroecium. The 
micromeres, designated by small letters in the figures, produce the ectodermal cells 
that eventually grow over all the other cells of the embryo. The “A” macromeres 
give rise to the chorda-neural crescent, A 5.2 and A 5.2, and half of the endo- 
dermal quadrant, A 5.1 and A 5.1. The “B” macromeres give rise to the mesoder- 
mal crescent, B 5.2 and B 5.2, and the other half of the endodermal quadrant, B 5.1 
and B 5.1 (Fig. 4). 

The pattern corresponds exactly to the pattern of Ascidian mosaic development 
in Styela. The generous provision of yolk in the egg of Amaroecium prevents the 
appearance of a blastocoele cavity and disposes the presumptive mesodermal cells to 
a position farther towards the animal pole than this crescent of cells occupies in the 
egg of Styela where the presumptive endoderm cells are much smaller in size. The 
hereditary pattern of development is not disturbed by the accumulation of yolk. 
The mechanics of the process are altered but the same relative positions of the pre- 
sumptive embryonic areas are assumed. The embryonic areas consist of an endo- 


[ 


Ficure 3. Ejight cell stage; direction of spindles indicated by stippled areas, A. Animal pole, 
B. Posterior view, C. Anterior view. 


B c 


dermal quadrant of large macromeres on the dorsal side, i.e., toward the vegetative 
pole, with a chorda-neural crescent of two cells lying anterior to therh and a meso- 
dermal crescent of two cells lying posterior to them. The ectodermal micromeres 
occupy the entire animal pole or future ventral side of the embryo. All the cells on 
the right side are smaller than their sister cells on the left side. Otherwise the cells 
are disposed symmetrically with respect to the median plane of the embryo. 

Before the fifth cleavage the micromeres shift in position; the “a” cells spread- 
ing transversely, b 5.4 adjacent to them and b 5.3 overlapping the mesodermal cells 
(Fig. 5, A). The embryo passes through a twenty-two cell stage in its fifth cleav- 
age. The macromeres and their derivatives divide first, those on the right side 
preceding those on the left. The mesodermal cells divide meridionally, increasing 
the number of cells in that arc to four. The posterior macromeres also divide 
meridionally but unequally, producing two smaller lateral mesodermal cells towards 
the animal pole and two median elongate macromeres (Fig. 5,C,E). Each of the 
anterior pair of endodermal macromeres divides into two unequal cells, a smaller 
one on each side of the chorda-neural crescent and a larger median one (Fig. 5, D). 
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The four large macromeres meet in a median furrow at the vegetative pole. The 
chorda-neural cells divide later into a transverse row of four cells. 

In the twenty-two cell stage there are three mesodermal cells on the right side, 
B 6.2, B 6.3, B 6.4 and their corresponding cells on the left (Fig. 5,6). When they 
divide at the sixth cleavage the dorsal derivative of B 6.2 which is B 7.4 and of 
B 6.4 which is B 7.8 are presumptive muscle cells. The ventral members and both 
derivatives of B 6.3 are mesenchyme. Reference to Figure 5 will show that B 6.3 
lies at the mid-region of the posterior lip of the blastopore. At this division the 


c 


Ficure 4. Sixteen cell stage, A. Animal pole, cells on right side designated, B. Posterior view, 
C. Left side, D. Right side. 


chorda-neural cells divide into two transverse rows of four neural cells and four 
chordal cells. The chordal cells lie towards the vegetative pole, the neural cells 
towards the animal pole and in contact with the ectodermal micromeres (Fig. 7). 

No attempt is made beyond this point to follow the lineage of the cells. Since 
they correspond through the first six cleavages with the cells of Ascidians whose 
cell lineage can be followed through gastrulation, it may be assumed that their 
agreement continues through subsequent stages with differences dependent on the 
mechanics of gastrulation in Amaroecium. 
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It may be helpful before presenting the process of gastrulation to clarify the 
terms used in describing it. The blastopore is the margin of cells surrounding 
the macromeres. Its anterior border consists, at first, of chorda-neural cells and 
later of neural cells only. It is consistently called the anterior lip (the “dorsal 
lip” of embryologists dealing with Amphibian forms). Its posterior border (“ven- 
tral lip”) is the crescent of presumptive mesodermal cells and is called the posterior 
lip. Lateral regions are referred to as right and left lips respectively. 

In Styela, which provides the pattern to be used as a basis for comparison, 
movements of cells in gastrulation are not modified by accumulation of yolk. The 


Ficure 5. Twenty-two cell stage stage. 
A. Animal pole; ch. n—chorda-neural crescent; mes.—mesodermal crescent; ect.—ecto- 
dermal micromeres, B. Posterior view, C. Left side, D. Anterior view, E. Right side. 


first cells of the mesodermal crescent to be inturned at the lateral lips of the blas- 
topore are mesenchyme cells which come to lie ventrally in the trunk region of 
the embryo. The cells that converge medially to form the lateral lips after the 
mesenchyme invaginates are presumptive muscle cells of the tail. The final blasto- 
pore is T shaped, neural cells forming the anterior lip, muscle cells forming the 
lateral margins of the posterior lip. The posterior lip forms the limb of the T 
where the lateral lips converge toward the mid-plane in a groove. At the posterior- 
most point in the groove the caudal mesenchyme cells are lodged. Chordal and 
endodermal cells invaginate, the latter forming a typical archenteron. The blasto- 
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Ficure 6. A. Thirty-two to sixty-four cell stage; division on the right side in advance 
of the left side. B. Same stage, mesodermal cells having completed division on the right side 
but lagging on the left. 


pore closes by posterior growth of the anterior lip and growth toward the mid-line 
of the lateral lips. 

The egg of Amaroecium departs from this pattern of gastrulation in several 
respects. The margins of its blastopore are established at the sixth cleavage. 
The anterior lip consists of four chordal cells, the posterior lip of mesodermal 
cells. Enclosed by the blastoporal lips are the large vegetative macromeres (Fig. 


Ficure 7. Gastrulation. 


A. Viewed from the left lateral blastoporal lip, B. The embryo tilted toward the animal 
pole to show the complete lip of the blastopore. The angle distorts the size of the endodermal 
area, C. Viewed from the right blastoporal lip; ch—chordal cells; end—endodermal macro- 
meres ; l.mes.—mesoderm of left lateral lip of blastopore; n.c—neural cells; r.mes.—mesoderm 
of right lip; ~./—posterior lip of blastopore. 


7). In subsequent cleavages they divide into cells of unequal size. The cells at 
the animal pole are fairly uniform (Fig. 5, 6). All the animal micromeres may 
be called the epiblast. They differentiate into ectoderm which spreads over the 
embryo by the process of epiboly. 

The mass of inert yolk in the macromeres prevents an invagination of the po- 
tential endodermal cells. These cells, therefore, do not participate in the early 
movements of gastrulation. Gastrulation commences with activity of the cells 
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in the mesodermal crescent. They divide and move over the surface of the macro- 
meres in the direction of the vegetative pole. The cells on the right side of the 
crescent precede those of the left side in dividing. Smaller size of the macromeres 
on the right side and accelerated rate of division of these mesodermal cells effect 


Ficure 8. Sections through a gastrula during the period of pseudogastrulation. 


A. Through the right lip, B. Through the middle of the blastoporal lip, C. Through the re- 
gion immediately to the left of the preceding, showing the mesodermal cells lower on the left 
side, D. Through the left lip; depression present where mesoderm meets neural cells; ch.— 
chorda; d.e—definitive endoderm or endoderm of the pharyngeal roof; end.—yolk-laden endo- 
derm of floor of pharynx ; mes.—mesoderm. 


a change in shape of the blastopore from circular to an irregular oval. More 
rapid overgrowth of the right lateral region of the posterior margin results in a 
narrowing of the blastoporal rim on that side in the antero-posterior direction 
(Fig. 7). The cells converge medially to form lateral lips as they do in Styela 
but they converge more rapidly from right to left and thus distort the shape of the 
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blastopore. The right lateral margin defines more of a horizontal curve than the 
left (Fig. 9,A,B). The cells of both chordal and neural crescents, the anterior 
lip, increase in number to eight. 

As the blastopore becomes smaller changes occur in the endodermal area. The 
macromeres divide into a number of polyhedral cells, those at the surface of the 
region enclosed by the blastopore being smaller than those constituting the in- 
ternal yolk mass (Fig. 8,B,C). This layer of cells may be called the endodermal 
plate. Corresponding in shape with the blastopore it is a small oval region taper- 
ing to a narrow point on the anterior right side where the blastoporal lips are ap- 
proaching each other more rapidly than they are on the left side. The cells of the 
endodermal plate change in shape from polyhedral to pyramidal, their apices taper- 
ing into a cleft-like depression on the surface formed simultaneously with their 


Ficure 9. Late gastrulation. 


A. Dorsal view. Blastopore closed on right side when depression appears in endoderm. 
Mesoderm growing from right to left in lip of blastopore. B. Posterior view of embryo at the 
end of the gastrulation period, tilted slightly to show complete left side. Cells with interrupted 
outlines represent ectoderm, shown only where blastopore has closed; /.m.—left muscle cells; 
l.mch.—left mesenchyme ; n.p.—neural plate ; r.m.—right muscle cells ; r.mch.—right mesenchyme. 


change in shape. Their broad bases rest on the larger endodermal cells in the 
interior of the embryo (Fig. 8, B,C). Such an invagination may be called a 
“pseudo-invagination” since it closes again without the formation of an archenteron. 

The chordal cells adjacent to the endodermal plate invaginate with the endo- 
dermal cells. They are involuted at the anterior lip of the blastopore and come to 
lie immediately underneath the neural plate and dorsal to the endoderm (Fig, 
8, A,B,C). With involution of the chordal cells the blastopore closes on the right 
side. The mesodermal cells of the posterior margin on this side now occupy their 
internal embryonic position (Fig. 8A). The ectodermal cells have overgrown 
them and the ectodermal cells meet the neural cells at the right side of the neural 
plate. The remaining mesoderm curves around the region of “pseudo-invagina- 
tion” to the left end of the neural plate or anterior lip where the mesoderm has 
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been proliferating more slowly. The lateral margins of the posterior blastoporal 
lip are potential muscle cells of the tail; the central region is caudal mesenchyme. 

The relationship of the blastopore regions are the same as they are in gastru- 
lation stages of Styela where the blastopore is finally T shaped. Convergence of 
the lateral margins toward the median axial plane is asymmetrical and the lateral 
margins fuse to the left of the mid-line. The blastopore of Amaroecium may be 
described as an irregular T the right horizontal bar of which is longer than the left 
(Fig. 9, A,B). 

Closing of the blastopore on the right side produces a slight horizontal curve 
in the neural plate. When the depression in the endodermal plate closes, the cells 
of the neural plate extend posteriorly. The neural cells slope gradually, the left side 
lying more posteriorly than the right side (Fig. 10). 


Figure 10. Embryo at end of gastrulation. Posterior row of neural cells showing drawn 
toward mesoderm on left side. Ectoderm in stippled lines; mesenchyme small cells in masses 
on right and left sides; presumptive muscles stretched across lip and to left of lip. 


The activities of all marginal cells in closing the blastopore correspond to the 
same activities in other Tunicates but the difference in rhythm of division between 
the cells on the right and the cells on the left deflects the posterior margin of the 
blastopore to the left (Fig. 8,D). This asymmetrical growth shifts the right 
muscle cells to the dorsal side of the notochord, the left muscle cells to the ventral 
side. Convergence and fusion of the cells of the blastoporal margins to the left 
of the mid-line results in the posterior extension of the neural plate laterally instead 
of mid-dorsally. The neural tube lies, therefore, to the left of the notochord in- 
stead of dorsal to it. Amaroecium is the only Tunicate known in which there is 
a twisting of the neural tube from a position dorsal to the notochord. 

When gastrulation is completed the embryo is approximately spherical with a 
rudiment of a tail. It lacks an archenteron and the posterior region of the neural 
plate or potential neural tube is asymmetrical, curving through an angle 90° to 
the left. Except for these two differences it resembles superficially at this early 
stage the tadpole of other Ascidians. 
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DIscUSSION 


All the Tunicates whose embryology is known conform to a pattern of mosaic 
development. Amaroecium constellatum despite the fact that its egg is heavily 
yolk-laden follows the same pattern with modifications contingent upon the me- 
chanical interference of yolk. As Conklin has pointed out, “Cleavage is less con- 
stant and fundamental than the type of localization and the two may be relatively 
independent.” 

The ooplasmic substances are distributed to cells that assume the same rela- 
tionships found in forms not filled with yolk. The main mass of inert yolk re- 
mains at the vegetative pole and spreads the early blastoporal lips into a circle wider 
than that of Styela or Amphioxus although the cells are disposed in the same pat- 
tern. Ectodermal micromeres occupy the animal pole, yolk occupies the vegetative 
pole, and between these two areas lie an anterior crescent of mesodermal cells 
constituting the lip of the blastopore. 

Three movements concur in carrying the cells to their final positions where 
they differentiate into the fundamental structures of the adult body, involution or 
invagination, epiboly, and convergence or the movement of axial structures into 
their positions in the median plane. Invagination of the endoderm is impossible 
but what might be considered an abortive attempt at invagination is made in the 
depression of the definitive endoderm. It may be called “pseudo-invagination.” 
The depression is accomplished by a change in shape of the endodermal cells 
whereby they are depressed below the surface. It is not an invagination of cells 
into a segmentation cavity. Neither does it effect the formation of an open 
archenteron. 

As the mesoderm proliferates over the surface of the endoderm the epiblast 
cells grow over them. By the process of epiboly, therefore, both mesoderm and 
endoderm are established in their typical relationships. Since the mesoderm con- 
tinues to spread between ectoderm and endoderm its movement may be regarded 
as invagination. 

Convergence is the process most violently disturbed by the modified pattern of 
mosaic development. Its disturbance is due primarily to the bilateral inequality in 
the size of the first two blastomeres which is responsible for difference in rhythm 
of division between the right and left halves of the embryo. Cell movements of 
gastrulation, being greater on the right side than on the left, the blastopore becomes 
asymmetrical in shape. Cells are thus prevented from converging towards the 
mid-plane. The lateral margins of the posterior border of the blastopore converge 
and close on the left side and the posterior extension of neural cells curves through 
a gradual angle to 90° from the mid-dorsal plane. 

Daleq (1938) concludes that the notochord does not induce neural tube forma- 
tion in the Protochordates as it does in Amphibia (Spemann, 1928). The noto- 
chord in Amaroecium is axial and cannot be responsible for the normal asymmetry 
of the visceral ganglion and neural tube. There is no experimental evidence in 
the Ascidians to support the dependence of differentiation of the neural tube on 
presumptive mesodermal tissue. The fact that the asymmetry of the posterior 
parts of the nervous system in Amaroecium follows the asymmetry of the meso- 
derm at the blastoporal lip may indicate some degree of dependence between the 
mesoderm and the differentiation of the nervous system of the trunk in Protochor- 
dates. 
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SUMMARY 


1. The egg of Amaroecium contains more yolk than that of any of the other 
Ascidians whose embryology has been studied. 

2. In the two cell stage the right blastomere is always smaller than the left, es- 
tablishing an inequality in size that persists through subsequent divisions. 

3. In the fifth division the cytoplasmic substances are distributed in this fash- 
ion: ten ectodermal cells at the animal pole, four endodermal macromeres at the 
vegetative pole, a crescent of two chorda-neural cells between them on the anterior 
side, a crescent of six mesodermal cells on the posterior side, two endodermal-meso- 


dermal cells on each side. 

4. Decreased size of cells and increased activity in the mesodermal cells on the 
right side produce asymmetry in the blastoporal lip. 

5. Gastrulation is accomplished by the combined processes of overgrowth and 


invagination. 

6. The blastopore closes from right to left, producing a curve in the neural plate 
through an angle of 90° in the region of the potential neural tube. 

7. When the blastopore closes the potential muscle cells lie above and below the 
notochord, interrupted on the left by the neural tube, on the right by the endodermal 


rod. 
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PELOMYXA CAROLINENSIS (WILSON) OR CHAOS CHAOS 
(LINNAEUS)?! 
NOLAN E. RICE 


Carolina Biological Supply Company, Elon College, North Carolina 


INTRODUCTION 


Considerable confusion exists concerning the name of the large amoeboid or- 
ganism which was discovered and named Pelomyxa carolinensis by Wilson in 
1900. The other name by which this organism is known is Chaos chaos (Lin- 
naeus). It is the purpose of this paper to show that the valid scientific name is 
Pelomyxa carolinensis Wilson. 


HISTORICAL 


The historical data have been presented in full elsewhere (Schaeffer, 1926; 
Mast and Johnson, 1931) but for clarity of discussion it is necessary to list the 


pertinent facts. 

1. In 1755 Roesel von Rosenhof found an amoeboid organism which he de- 
scribed, figured, and named “der kleine Proteus.” 

2. In 1758 Linnaeus named Roesel’s organism l’olvox chaos and in 1767 Chaos 
chaos because the name Volvox had been used earlier for the colonial flagellate 
which today bears that name. 

3. In 1900 Wilson discovered a large amoeboid rhizopod in North Carolina 
which he described and named Pelomyxa carolinensis. 

4. This organism was again found by Penard in France (1902); Kepner and 
Edwards, in Virginia (1917); Schaeffer, in Tennessee and New Jersey (1937) ; 
and Brandwein, Penn, and Shiel, in New York (1943). It is now being main- 
tained in clone cultures by Schaeffer, Belda, Pace,* Rice, and perhaps others. 

5. Schaeffer (1926) maintains that Roesel’s “der kleine Proteus” and Wil- 
son’s Pelomyxa carolinensis are identical generically and specifically, and that the 
valid scientific name is therefore Chaos chaos (Linnaeus). Stiles (1905), how- 
ever, believes that the name Chaos chaos (Linnaeus) is the valid name for Amoeba 
proteus Leidy, maintaining that Roesel’s “kleine Proteus” is like this common lab- 
oratory amoeba. 

6. Mast and Johnson (1931) present evidence which shows that Roesel’s or- 
ganism “is neither generically nor specifically like either Leidy’s proteus or Wil- 
son’s carolinensis.” They contend that it is a myxomycete, “an organism usually 
classified as a plant.” 


1 The author desires to express his grateful appreciation to Dr. T. E. Powell, Dr. C. W. 
Hagquist, and Mr. T. H. Mackintosh of the Carolina Biological Supply Company for many 
helpful criticisms in the preparation of this paper. 

2Dr. D. M. Pace, College of Pharmacy, University of Nebraska, kindly furnished the 
pelomyxae from which the author’s clone was established. 
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Facts AND DISCUSSION 


1. It is impossible to ascertain the exact structure of Roesel’s “der kleine Pro- 
teus.” A careful study of Roesel’s figures reveals that these are barely more than 
outlines containing a mass of dots and circles. One could not by any stretch of 
the imagination consider these figures sufficient basis for the identification of any 
amoeboid species. What the dots and circles represent is obscure. Schaeffer 
(1938) states that Roesel knew nothing about nuclei, contractile vacuoles, crystals, 
etc., since these had not yet been discovered, nevertheless Schaeffer admits that 
these structures are quite important for identification. 

Stiles (1905) believes Roesel’s organism is A. proteus (Leidy), its valid name 
being Chaos diffluens (Miller) ; Schaeffer (1926, 1937, 1938) maintains that it is 
P. carolinensis (W.), its valid name being Chaos chaos (L.); and Mast and John- 
son (1931) contend that it is neither, finding it to be a myxomycete. This differ- 
ence of opinion is in itself strong support for the contention that reasonable proof 
of the identity of this organism cannot be found. 

The first description of P. carolinensis by which it can be identified was pub- 
lished by Wilson (1900). Schaeffer (1926, 1937) states that the organism he 
found in Tennessee, and the one he found in New Jersey (1937) and now main- 
tains in clone culture, is identical with P. carolinensis (W.) and “der kleine Pro- 
teus,” holding that it should be called C. chaos (L.). However, since it is im- 
possible to ascertain the identity of “der kleine Proteus,” the priority rule 
establishes Pelomy.xa carolinensis Wilson as the valid scientific name. 

2. A comparison of the characters of P. carolinensis (W.) and A. proteus (L.) 
shows that they are generically distinct. 

Schaeffer (1926, 1937) maintains that A. proteus (L.) and P. carolinensis 
(W.) are morphologically quite similar, placing them in the genus Chaos. On the 
basis of serological tests he (1937) suggests that they may be “one and the same 
species.” But he (1916) also finds that A. proteus (L.) comprises three distinct 
species (proteus, discoides, and dubia) which he (1926) later advances to the 
rank of genera (Chaos, Metachaos, and Polychaos). 

This raises two questions. Is there any evidence to show that A. proteus (L.) 
and P. carolinensis (W.) are generically identical? Does the evidence justify the 
creation of three new genera out of the species proteus? The second question has 
been considered elsewhere (Mast and Johnson, 1931). An answer to the first may 
be found by comparing the chief characters of the two organisms. Reference to 
Figure 1, a photomicrograph of the organisms in the same microscopic field, clearly 
shows a great difference in size. Other differences are not so apparent. These 
are brought out in Table I which summarizes pertinent data from various investi- 
gators. Most of the measurements credited to them have been checked by the 
author without serious disagreement. Nevertheless, it must be borne in mind 
that all measurements represent averages of numerous determinations on diverse 
clones. 

It will be noted that the two organisms are similar in several respects. Both 
accomplish locomotion by indeterminate lobopodia and possess bipyramidal crys- 
tals, Glanzkorper, and small non-refractile granules. The crystals and Glanz- 
korper, however, are somewhat larger in P. carolinensis (W.) than in A. proteus 
(L.). The table also shows that these organisms differ markedly in size (as 





PELOMYXA CAROLINENSIS OR 


TABLE [I 


Character Amoeba proteus (Leidy) 


Summarized comparison of Amoeba and Pelomyxa 


CHAOS CHAOS? 





Pelomyxa carolinensis (Wilson) 





| Up to 600 u (Kudo) 


Si n 
| 134 w (Chalkley) 


Diameter 


1,500-3,000 u (Wilson); up to 5,000 u 
(Schaeffer) 


500 » (Schaeffer) 





Volume 0.0024 c. mm. (Chalkley) 


Pseudopodia | Locomotion by indeterminate lobo- 


podia 


| “ . . 
Locomotion | Comparatively active; recovers from 
| disturbance quickly 


| Truncate bipyramidal; up to 4.5 4 
| long (Schaeffer); 1.5 K 2.0 u (Rice) 


Crystals 


Glanzkoérper | Up to 44 (Rice) 





0.12-1.20 c. mm. (50 to 500 « 0.0024) 
(Schaeffer) 

Locomotion by indeterminate lobo- 
podia 
Sluggish; recovers from disturbance 
slowly 


Truncate bipyramidal; 1.5 
to 10 uw (Rice) 


Up to 10 u (Rice) 





| About 0.7 u (Rice) 


Smaller granules 


Contractile vacu- | Typically one at posterior end; systole 
oles 
same place; character of permanent 
| organelle (Adolph; Metcalf; Mast); 
20-50 u; av. 35 uw (Rice) 


Nuclei 


| Typically uninucleate; discoidal; nu- 
cleus and granules easily visible in liv- 
ing specimen; av. dimensions 36 X 26 
| X 18 u (Rice) 





Variable in size and number; several 
| dozen 


Food vacuoles 


Binary fission; nuclear division mi- 


totic 


Reproduction 


| rapid; new vacuole usually formed at 





About 0.8 uw (Rice) 


Usually between 5 and 15; as many as 
25 or 30; temporary organelle (Belda) ; 
systole slow; some gradually disap- 
pear (Rice); 30-70 u; av. 36 u (Rice) 


Typically between 300 and 400 nu- 
clei; up to 1,000 (Schaeffer); ovoidal 
or discoidal (two strains; Schaeffer) ; 
nucleus and granules not easily seen. 
16-18 u (Wilson); 20 X 15 u (Rice) 


Variable in size and number; up to 100 


Tripartite division of mother cell fol- 
lowing simultaneous mitotic division 
of nuclei (Schaeffer) 


measured by length, diameter, or volume), number and average size of the nuclei, 


number and character of the contractile vacuoles, 


and type of reproduction. 


These differences are largely those which led Greeff (1874) to establish the 


genus Pelomyxa. 
principal character of the genus. 


He specifically states that the large number of nuclei forms the 
A comparison of the original descriptions of 


P. palustris Greeff (1874), P. villosa Leidy (1879), P. greeffi Blochmann (1893), 
and P. carolinensis (W.) shows that they are large, sluggish, naked rhizopods con- 
taining numerous nuclei, many vacuoles, and large Glanzkorper. 

The genus Pelomyxa, therefore, includes rhizopods with a multinuclear or- 
ganization, whereas the genus Amoeba, for the most part, those with a uninuclear 
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organization, Greeff (1874), Leidy (1879), Blochmann (1893), and Wilson 
(1900) recognize this multinuclear organization as sufficient basis on which to 
establish the genus Pelomyxa. In their contention that P. carolinensis (W.) is 
the valid scientific name for Wilson’s organism Mast and Johnson (1931) appar- 


Se. 


J}—_—__— 00 OO gern 


Ficure 1. Photomicrograph of Amoeba proteus (L.) and Pelomyxa carolinensis (W.) 
in the same field. a. Pelomyxa; b. Amoeba; c. Paramecium multimicronucleatum P. et M. 
(Photograph by Mr. T. H. Mackintosh.) 


ently agree with them. Schaeffer (1926, 1937, 1938) evidently does not accept 
this point of view. 

The evidence presented here shows that A. proteus (L.) and P. carolinensis 
(W.) are generically distinct, and that it is illogical, therefore, to place them in the 
same genus (Chaos). 


SUMMARY 


1. Since it is impossible to ascertain the exact structure of Roesel’s “der kleine 
Proteus” from his description and figures, it is impossible to identify this organism. 

2. P. carolinensis (W.) and A. proteus (L.) differ in characters of such im- 
portance that they must be considered members of different genera. 

3. The valid scientific name of Wilson’s organism is Pelomyxa carolinensis 
Wilson because he discovered, accurately described, and properly named it. 


LITERATURE CITED 


Apotpn, E. F., 1926. The metabolism of water in Amoeba as measured in the contractile 
vacuole. Jour. Exp. Zool., 44: 355-381. 

Betpa, W. H., 1942. Permeability to water in Pelomyxa carolinensis. II. The contractile 
vacuoles of Pelomyxa carolinensis. The Salesianum, 37: 125-134. 

3LOCH MANN, F., 1893. Kleine Mitteilungen tiber Protozoen. Biol. Centralbi., 14: 82-91. 

BraANpDWEIN, Paut F., Patricia PENN, AND CLARE Suter, 1943. Another discovery of Chaos 
chaos. Sci. 98: 431. 





PELOMYXA CAROLINENSIS OR CHAOS CHAOS? 143 


CHALKLEY, H. W., 1929. Changes in water content in Amoeba in relation to changes in its 
protoplasmic structure. Physiol. Zool., 2: 535-574. 

GreerF, R., 1874. Pelomyxa palustris (Pelobius), ein amdbenartiger Organismus des siissen 
Wassers. Arch. f. mikr. Anat., 10: 51-73. 

Kepner, W. A., anv J. G. Epwarps, 1917. Food-reactions of Pelomyxa carolinensis Wilson. 
Jour. Exp. Zool., 24: 381-407. 

Kupo, R. R., 1939. Protozoology. Baltimore. 

Leipy, J., 1879. Freshwater rhizopods of North America. U. S. Geol. Surv., 324 pp. 

LinnaEus, C., 1758. Systema naturae. 10th ed. Holmiae. 

Linnaeus, C., 1767. Systema naturae. 12th ed. Holmiae. 

Mast, S. O., 1923. Mechanics of locomotion in Amoeba. Proc. Nat. Acad. Sci., 9: 258-261. 

Mast, S. O., 1926. Structure, movement, locomotion, and stimulation in Amoeba. Jour. 
Morph., 41: 347-425. 

Mast, S. O., 1938. Digestion of fat in Amoeba proteus. Biol. Bull., 75: 389-394. 

Mast, S. O., 1938. Amoeba and Pelomyxa vs. Chaos. Turtox News, 16: 46-48. 

Mast, S. O., anv P. L. Jounson, 1931. Concerning the scientific name of the common large 
amoeba, usually designated Amoeba proteus (Leidy). Arch. f. Protistenk., 75: 14-30. 

Metcatr, M. M., 1910. Studies upon Amoeba. Jour. Exp. Morph., 9: 301-332. 

Penarp, E., 1902. Faune Rhisopodique du Bassin du Leman. Geneva. 714 pp. 

Rogeset von Rosenuorr, A. J., 1755. Der kleine Proteus. Der Insecten-Belustigung., 3: 622- 
624. 

Scuaerrer, A. A., 1916. Notes on the specific and other characters of Amoeba proteus (Leidy), 
A. discoides spec. nov., and A. dubia spec. nov. Arch. f. Protistenk., 37: 204-228. 

Scuaerrer, A. A., 1926. Taxonomy of the amebas. Carn. Inst. Wash. Publ. No. 345. 

Scuaerrer, A. A., 1937. Rediscovery of the giant ameba of Roesel, Chaos chaos Linnaeus 
1767. Turtox News, 16: 114. 

Scuaerrer, A. A., 1938. Significance of 3-daughter division in the giant ameba. Turtox News, 
16: 157-160. 

Scuaerrer, A. A., 1938. Further data on the name Chaos chaos Linnaeus as referring to the 
giant ameba of Roesel. Turtoxr News, 16: 96-97. 

Stites, C. W., 1905. Public health papers and reports. Am. Publ. Health Assoc., 30: 293. 

Witson, H. V., 1900. Notes on a species of Pelomyxa. Amer. Nat., 34: 535-550. 





A STUDY OF CHROMOSOME ENDS IN SALIVARY GLAND NUCLEI 
OF DROSOPHILA 
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INTRODUCTION 


The exact nature of chromosome ends has remained an unsolved problem in the 
study of chromosome structure. That the end is a specialized part with a char- 
acterized behavior is shown by the fact that an intact chromosome end never 
enters into a permanent association with any other part of the chromsomes and 
that its absence causes a change in behavior of the chromosome of which it was a 
part. This is clearly shown by the behavior in maize of broken chromosomes 
(McClintock, 1938, 1939, 1941, and 1942). Fusion occurs between the raw ends * 
of the two sister halves of the broken chromosomes resulting in a bridge configu- 
ration which breaks at anaphase. This “breakage-fusion-bridge cycle” may con- 
tinue throughout the endosperm tissues, but in the embryo and plant tissues the raw 
end becomes “healed” and thenceforth no longer shows any tendency toward fu- 
sion. In other words, it then behaves as a normal chromosome end regardless of 
the type of tissue. This shows that there is a difference between a chromosome 
with a missing end and one with a “healed” end. The nature of the “healing” (or 
returning to the normal state) is not understood. Additional evidence that chromo- 
somes are dependent for normal behavior upon certain conditions existing at the 
end is suggested by the paucity of reports of terminal deficiencies. It would be 
expected that terminal deficiencies would be found with a frequency, the square 
of the frequency of intercalary deficiencies requiring two breaks. (A small inter- 
calary deficiency may require only one break by an X-ray, Demerec and Fano, 
1941.) Nevertheless, terminal deficiencies occur only rarely and are the excep- 
tion rather than the rule (Kaufmann, 1939a). This would appear to mean either 
that they are eliminated (Bauer, Demerec, and Kaufmann, 1938), or that there is 
a tendency for reunion between the two parts of the chromosome. In either case 
it is true that chromosomes with missing tips are much more rare than chromo- 
somes with an intercalary region missing. There are enough exceptions, however, 
to show that it is possible for a chromosome to lose its tip and, in some manner, to 
reform or heal an end which allows the chromosome to function normally (the 


1 Sumbitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy, 
Columbia University, New York. The research reported in the present paper was carried out 
in the laboratories of Columbia University, and of the Carnegie Institution, Department of 
Genetics, Cold Spring Harbor, New York. 

2 The author’s present address is Department of Zoology, Northwestern University, Evans- 
ton, Illinois. 

8 The term “raw end” is used throughout to denote the new and unhealed end of a tipless 
chromosome. It carries no connotation concerning the physical and chemical state of the end 
and is merely the counterpart of “normal” and “healed.” 
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terminal deficiencies reported by Demerec and Hoover, 1936; and Sutton, 1940). 
Also terminal inversions (Kaufmann, 1936; Kikkawa, 1937 and 1938), although 
rare, show the ability of a raw end of the chromosome to heal and assume the role 
of a normal end. From all of these data we get the impression that the end of a 
chromosome is not so much a separate entity as the word telomere denotes (for 
a recent discussion, see Muller, 1941) but rather a very special state which can 
be achieved by other parts of the chromosome under certain conditions. The sepa- 
ration of bivalents at meiosis presents further evidence that the chromosome end 
is unique in its behavior. Upon complete terminalization of chiasmata the ends 
of the separating chromatids frequently hold together with an amazing tenacity 
(for discussion see Hughes-Schrader, 1943a and b). An association -of homo- 
logous ends may even be achieved without previous terminalization of chiasmata 
(Schrader, 1940a and b; Hughes-Schrader, 1943a). Also the bouquet stage 
strongly indicates a special function of chromosome ends, as pointed out most re- 
cently by Hughes-Schrader (1943b) and Schrader (1944). 

The purpose of the present research has been to select and analyze some phe- 
nomenon characteristic of chromosome ends in the hope that the analysis would 
lead to.a more complete understanding of the nature of that part of the chromo- 
some. The phenomenon selected for study was that of association of non-homo- 
logous ends. This phenomenon occurs both in salivary gland nuclei of Diptera 
and in meiotic nuclei of various forms. The present study is limited to the sali- 
vary gland chromosomes of two wild type strains of D. melanogaster( Oregon-R 
and Swedish-b). 

In salivary gland preparations the distal ends of any of the five long chromo- 
some arms may be found adhered together, usually two-by-two. This phenomenon 
of non-homologous association of ends has been noted by several workers and its 
analysis was undertaken by Hinton and Sparrow (1941) and Hinton and Atwood 
(1941 and 1942). They found that some of the possible combinations of chromo- 
some ends occurred with a significantly higher frequency than did others. The 
particular combinations of ends which occur with a non-random frequency varied 
from strain to strain but were characteristic of any one strain. 

The present report adds to these conclusions the results from three lines of in- 
vestigations: one, the study of the physical nature of terminal adhesions as demon- 
strated by mechanical manipulation ; two, the genetical nature of adhesions, and the 
factors affecting adhesions; and three, the effect on the adhesion pattern of one 
strain of subsituting by genetical manipulation a chromosome or chromosome end 
from another strain. Since each of these points is best dealt with individually, the 
discussion of the results is presented in connection with the particular data to which 
it is pertinent. Therefore, the final discussion is of only a general and summarizing 
nature. 


MICROMANIPULATION OF TERMINAL ADHESIONS 


For the purpose of studying the physical nature of terminal adhesions a tech- 
nique was devised whereby two chromosome arms associated by a terminal ad- 
hesion could be pulled apart. This was accomplished with the aid of a Chambers 
micromanipulator, working with partially fixed glands, as suggested by Buck 
(1942). The glands were dissected from the larvae freehand under a binocular 
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microscope into a drop of aceto-orcein. At once, before hardening from the fixa- 
tive resulted, the glands were transferred to a coverslip. A “V” of vaseline on the 
coverslip prevented the aceto-orcein from flowing away from the glands. The 
corner of another coverslip was placed over the glands, between the two walls of 
vaseline, and used to press the glands into a thin layer. The coverslip used to 
smear the glands was then removed and the coverslip with the smeared gland was 
inverted and placed on top of a moist chamber on the stage of a microscope above 
the micromanipulator. The various groups of chromosomes were searched quickly 
until a terminal adhesion was located. The chromosomes involved were identified 
and the configuration was drawn, using the 44X objective and 15X oculars. The 
microneedles were then raised into position and inserted into the chromosomes 
involved in the adhesion, and pulled apart until the chromosome region between 
the two needles (including the two adhered ends) broke at some point. This 
usually involved a marked degree of stretching—from two to three times the orig- 
inal length of the segment. The resulting configuration was then sketched; the 
figure marked with an ink spot; and the coverslip removed and the tissue further 
stained with aceto-orcein. The coverslip was subsequently sealed with paraffin 
face downwards onto a slide. The chromosome configuration was then relocated 
and the results studied using an oil:immersion objective. 

Twenty-eight such preparations were successfully completed. In 16 of these, 
the adhered chromosomes, which were stretched between the microneedles, sepa- 
rated between the two adhered chromosome ends. It should here be emphasized 
that this did not take the form of a mere separation of temporarily joined chromo- 
some ends, but rather that the chromosome ends were tenaciously held together 
during the stretching by inter-band-like material which broke only after extreme 
attenuation. A careful study of the bands on the previously joined chromosome 
ends failed to reveal a single case in which the ends had gained or lost a band (see 
Figure 1). The only noticeable effect upon the chromosome ends was, in a few 
cases, a slight attenuation of the end itself. 

Of the remaining 12 preparations, 6 failed to break—the terminal adhesions 
remained intact even though the chromosomes had been pulled to about three times 
their original length. After release from the needles, the chromosomes resumed 
an approximation of their original size and showed no marked effect of the previ- 
ous stretching. No measurements were made at this point, but the degree of re- 
traction of the chromosomes upon release is probably of the same order as that 
described by Buck (1942). 

Six cases showed intercalary breaks. None of these six breaks were close to 
the adhered tips, three of them being in the chromocenter and the others in ap- 
proximately the middle of the chromosome arm (2L in region 28; 3L in 67; and 
2R in 52). 

Eight successful attempts to disentangle the chromosomes in unbroken nuclei 
of semi-fixed glands by pulling them free with the microneedles produced three 
types of configurations. The first type was one in which the chromosomes formed 
a “star-shaped” configuration with all the bases of the chromosomes joined together 
and all the tips free. Two such configurations occurred. The second type was a 
continuous chain. This involved two terminal adhesions (2R-3R; 3L-X) both 
of which held during the stretching at the expense of the paired bases of the arms. 
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Ficure 1. A. Configuration of chromosomes, sketched with needles of micromanipulator 
in position. B. Behavior of the two adhered ends while the needles were being moved apart. 
1. Original position. 2. As the streching begins a thread-like material pulls out between the 
two ends. 3. The maximum extent of the stretching of the material between the two tips. 
4. The thread-like material breaks and disappears leaving the ends free and relaxed. C. The 
same confirguration of chromosomes as in A, after the ends have broken apart. (Sketched 
using an oil immersion objective.) D. Detailed study of the bands at the ends of the two 
chromosomes which were previously adherent. 
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One such case was found. The third involved the chromosomes separating into 
two groups. This was due to the fact that the bases of the arms were originally 
joined in two groups—one autosome being alone. Two such cases were noted. 
Examples of this arrangement of the chromocenter were previously observed and 
recorded (but not published) when uninjured nuclei in whole mount preparations 
were being examined for other reasons (Hinton and Atwood, 1941 and 1942). 
These same arrangements and variations thereof were noted frequently in the 
broken nuclei. While pulling adhesions apart with the microneedles, the configu- 
ration of chromosomes would often be altered, stretching out into any one of the 
above mentioned types. At least five examples of each type are recorded. 

No claim is made that the semi-fixed chromosomes used in these experiments 
accurately represent the living state. The work on these chromosomes does, 
however, throw light on such of their physical characteristics as are involved in the 
preparation of aceto-orcein slides, and shows the behavior of terminal adhesions 
and the chromosome arrangement from the beginning of fixation in the uninjured 
nucleus to the time the fully fixed and smeared preparation is observed. 

The data show that a terminal adhesion is a condition in which the ends of the 
two chromosomes are strongly held together by a non-staining material which is 
continuous with the ends. They also show that the connection between the ends, 
even though tenacious, is still the weakest place along the chromosomes, with the 
exception of the adhered bases of the chromosomes. But the very fact that the 
ends invariably held together as firmly as they did, makes it unlikely that many 
cases of terminal adhesions are broken apart in the preparation of a slide. 

Goldschmidt and Kodani (1942, 1943) noticed “the apparent strength of the 
cohesion which leads to a breaking off of tips which are attached to another 
chromosome in chromosome smear preparations.” The foregoing data show that 
when two adhered chromosome ends are mechanically pulled apart, the phenome- 
non described by Goldschmidt and Kodani does not occur. Instead, it is evident 
that when a chromosome is fixed to the degree that is usual in preparing a smear, 
the adhered ends do not break apart with any ease. Even if they do break apart, it 
does not result in terminal deficiencies and translocations. In addition, if this type 
of aberration were produced by mechanical means, for every translocation there 
should be a deficient tip in the same nucleus, but Goldschmidt and Kodani fail to 
produce such evidence. It is possible that in a more thoroughly fixed chromo- 
some, the phenomenon as postulated by Goldschmidt and Kodani could occur, but 
as shown elsewhere in the present paper, the frequency of terminal adhesions in a 
given stock at a given temperature does not vary, regardless of the length of time 
of fixation. If terminal adhesions break apart in smearing more readily after ex- 
treme fixation, then the frequency of terminal adhesions found on smear prepa- 
rations should vary with the degree of fixation. It seems most unlikely from the 
data herein described that the small terminal deficiencies and translocations as 
seen by Goldschmidt and Kodani could be “pseudodeficiencies and translocations 
produced by mechanical breaks near the chromosome tip following cohesion of 
the telomere at the tips of two chromosomes.” It seems much more likely that 
the deficiencies and translocations as seen by these authors were true deficiencies 
and translocations carried in the stocks which they examined; and that due to the 
small size of these rearrangements they failed to observe them in all nuclei, for it 
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would be extremely difficult to detect consistently an abberation as minute as one 
involving only one to four bands. 

The idea that these small aberrations were carried as characteristics of their 
stocks does not seem unlikely in light of other work on the subject. Thus Kikkawa 
(1938). found a number of terminal structural differences between the chromo- 
some ends of various Drosophila ananassae. His drawings of these extra bands 
on the chromosome ends are entirely similar to the drawings presented by Gold- 
schmidt and Kodani (1943) for Drosophila melanogaster. Again, Dobzhansky 
and Dreyfus (1943) found, in Brazilian populations of Drosophila ananassae, 
“variations apparently identical with those described by Kikkawa.” Also Bridges 
made a study of the free ends of the salivary chromosomes of D. melanogaster 
and found various examples of this type of abberation as characteristic of different 
strains. Unfortunately these data were never published in full but cases are 
listed in Drosophila Information Service No. 9—Df(2)Ore-R, Df(2)Sw-L, 
Df(2)Sw-R, Df(3)D3H®, Df(3)Mz". (See also Bridges and Brehme, 1944, page 
59.) There seems, therefore, little doubt that the terminal abberations reported 
by Goldschmidt and Kodani, Kikkawa, Dobzhansky and Dreyfus, Bridges, and 
others, are all of the same nature and are inherent in the chromosomes of the in- 
dividual stock being studied. 

That these terminal deficiencies and translocations derive from the separation 
of terminal adhesions between non-homologous chromosomes, not in salivary gland 
nuclei, but during meiosis, remains a possibility. It is not inconceivable that a 
salivary gland nucleus is comparable to a pachytene nucleus of the first meiotic 
division. If a terminal adhesion occurred during the meiotic prophase and the 
ends later separated unequally, then the gamete receiving one of the involved 
chromatids would carry to the offspring a terminal deficiency or translocation. 
Such meiotic behavior represents one way in which terminal adhesions could play 
a role in the production of terminal aberrations. Terminal adhesions of non- 
homologous chromosome ends during the prophase of meiosis have been observed 
by Slack (1938) in Corixa, Schrader (1941) in Edessa irrorata, Ribbands (1941) 
in Habropogon, Rhoades and McClintock (verbal communication) in Zea Mays, 
and others (see Ribbands, 1941). Also terminal adhesions at meiosis may con- 
ceivably be involved with the deposition of matrix substance and the polarization 
of the chromosomes (see Schrader, 1941). 


Tue GENETICAL NATURE OF ADHESIONS AND Factors INFLUENCING ADHESIONS 


Change of frequencies with time 


The frequency with which any two chromosome ends were associated was es- 
tablished for the Oregon-R strain in July 1940 (Hinton and Sparrow, 1941), and 
for the Swedish-b strain in July 1941 (Hinton and Atwood). These percentages 
are brought together in Table I for the sake of comparison. During the present 
investigation the frequencies in both Oregon-R and Swedish-b were reexamined 
(November 1943) by recording the types of adhesions observed from aceto-orcein 
smear preparations of glands. A marked difference is seen to exist when the cur- 
rent data are compared with those collected in 1940 and 1941. This difference is 
demonstrated in Table I. The data are from females only and are in per cents of 
the total cases examined in each case. 
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TABLE | 


2 3 4 5 6 
Chromosome - ~ — - . saben mannan. 
combinations Ore’R Ore’R Sw.-b Sw.-b Sw.-b 


11/7/43 11/17/43 7/41 11/28/43 11/30/43 





X-2L 21.0 20.0 14.0 3.0 1.0 
X-2R 12.0 4.0 0.9 10.0 14.0 
X-3L 5.0 8.0 16.8 8.0 0.0 
X-3R 20.0 24.0 5.6 9.0 21.0 
2L-2R 2.0 4.0 9.3 1.0 2.0 
2L-3L 1.0 2.0 24.3 3.0 3.0 
2L-3R 1.0 1.0 10.0 1.0 1.0 
2R-3L 1.0 1.0 8.4 5.0 3.0 
2R-3R 31.0 30.0 2.8 52.0 50.0 
3L-3R 6.0 6.0 us 8.0 5.0 
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It can be concluded from the data in Table I that: 


1. The frequencies within each set of data are non-random. (Chi-square tests 
give probabilities of much less than .01 in each case that the data are similar to 
the expected random distributions. ) 

2. Oregon-R and Swedish-b in 1940-41 differed significantly from each other. 
(P—less than .01.) 

3. Oregon-R, 1943, differs significantly from Swedish-b 1943. (P—less than 
01.) 

4. Oregon-R, 1940, differs significantly from Oregon-R 1943 (columns 2 and 3). 
(P—.01 to .02.) 

5. Oregon-R, 11/9/43, does not differ significantly from Oregon-R, 11/17/43. 
(P—.70.) 

6. Swedish-b, 1941, differs significantly from Swedish-b, 1943 (columns 5 and 
6). (P—less than .01.) 

7. Swedish-b, 11/28/43, does not differ significantly from Swedish-b, 11/30/43. 
(P—.05 to .10.) 


The fact that both the Oregon-R and the Swedish-b patterns of adhesions have 
changed over a three year period of time suggests some mechanism for rapid evo- 
lution of the factors involved in terminal adhesions. The possibility exists that the 
stocks in question are not the identical stocks used in 1940-1941. However, since 
both Oregon-R and Swedish-b have changed, this seems less likely than if only one 
stock had changed. 


Dominance 


It was shown (Hinton and Atwood, 1941 and 1942) that when Swedish-b fe- 
males were crossed to Oregon-R males, the F, females were identical with the 
Oregon-R parents in the relative frequencies of types of adhesions. This was in- 
terpreted to mean that the factors controlling the Oregon-R pattern of adhesions 
were in some way entirely dominant to the Swedish-b. Since, in the present in- 
vestigation it has been shown that both the Oregon-R and Swedish-b pattern have 
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changed over a three year period, it was deemed advisable to reexamine the hetero- 
zygote (Ore’R/Sw.b). The results are presented in Table II. 

The probability that the heterozygote has an adhesion pattern resembling that 
of the Swedish-b chromosomes is .10 as shown by an y” test. However, the prob- 
ability that the heterozygote shows the same pattern as the Oregon-R parent is 
much greater (P—.50) ; yet, at the same time, an equal probability (.50) is shown 
that the heterozygote resembles the intermediate between the two parental patterns. 
Therefore it seems impossible at this time to conclude whether dominance has 
been maintained by Oregon-R or whether the dominance has been lost and Ore- 
gon-R and Swedish-b now have an equal ability to determine the adhesion pattern 
of the F,, and either modify or compensate each other. However, if an examina- 
tion is made of the only two classes wherein Oregon-R and Swedish-b are really 
dissimilar (X-2L and 2R-3R), then an ,’* test shows the following: the proba- 


TABLE I] 
Females, 1943 


Chromosome Per cent adhesions Per cent adhesions Per cent adhesions 
combinations Ore’R Ore’ R/Sw.-b Sw.-b 





X-2L 20.5 12.5 2.0 
X-2R 8.0 15.5 12.0 
X-3L 6.5 6.5 4.0 
X-3R 22.0 16.0 15.0 
2L-2R 3.0 3.0 

2L-3L 1.5 2.0 

2L-3R 1.0 2.0 

2R-3L 1.0 1.0 

2R-3R 30.5 39.0 

3L-3R 6.0 2.5 





Total cases 200 200 





bility that Ore’R and Ore’R/Sw.-b are similar—.10; that Sw.-b and Ore’R/Sw.-b 
are similar—less than .01; and that Ore’R/Sw.-b and the theoretical intermediate 
between Ore’R and Sw.-b are similar—.70. It would appear from this analysis 
that Oregon-R has lost its dominance completely and that the heterozygote is 
merely the intermediate between the two parental strains in its adhesion pattern. 


Cytoplasmic effect 

In order to observe the pattern of adhesions of identical chromosomes in dif- 
ferent cytoplasms, the reciprocal crosses between Oregon-R and Swedish-b were 
made. Swedish-b females crossed to Oregon-R males produce F, daughters hetero- 
zygous for a complete set of Oregon-R chromosomes and a set of Swedish-b chromo- 
somes, in Swedish-b cytoplasm (Ore’R/Sw.-b). Swedish-b males crossed to 
Oregon-R females give identical results with the exception that the cytoplasm is 
Oregon-R. The data from these two types of heterozygous daughters are pre- 
sented in Table III. 

The data show that the cytoplasm probably has no effect on the frequency of 
types of adhesions. An x? test gives a probability of .10 that the two sets of 
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data are similar. But here again, if the two crucial classes (X-2L and 2R-3R) 
are examined, they are exactly similar in the two sets of data. Therefore the fac- 
tors which may be responsible for the specificities shown in terminal adhesions 
appear to be characteristic of the chomosomes and not dependent upon the geno- 
type of the cytoplasm. This is in agreement with the conclusion reached by Hin- 
ton and Atwood (1941). 


Temperature effect 


A preliminary experiment indicated that temperature has an effect on the total 
incidence of terminal adhesions. By counting the number of nuclei examined and 
the number of terminal adhesions found, it was discovered that if the culture bottles 
remained at 17° during the development of the larvae approximately 20 per cent 
of the nuclei contained a terminal adhesion; if the culture bottle remained at 

















TABLE III 
Ja cent = cent 
Chromosome Ore R/S Ore Riou -b 
cytoplasm cytoplasm 

X-2L 13 12 
X-2R 18 13 
X-3L 5 8 
X-3R 19 13 
2L-2R 1 5 
2L-3L 0 4 
2L-3R 3 1 
2R-3L 1 1 
2R-3R | 39 39 
3L-3R 1 | 4 
Total cases 100 100 








23°, only 13 per cent of the nuclei contained an adhesion. In order to verify 
this conclusion the experiment was repeated with an attempt to collect more exact 
data. Females were allowed to lay eggs for 24 hours in culture bottles placed at 
17°, and the flies then discarded. A second set of culture bottles received the 
same treatment at 23°. The culture bottles remained at their respective tempera- 
tures until the larvae were ready to pupate, at which time salivary gland prepara- 
tions were obtained. Fifty figures were examined and the per cent of figures con- 
taining adhesions was calculated. Five such sets of data were collected from the 
cultures at 17°, and three from the cultures at 23°. The average percentage of 
adhesions per 50 nuclei occurring at 17° differs significantly from that at 23°. At 
17° the mean percentage was 20 with a variation of +6 per cent (14-26 per 
cent); at 23°, 13 + 4 (9-17 per cent). The conclusion seems justified that the 
frequency of terminal adhesions varies with temperature. 

To determine during which period of larval development temperature has its 
effect, culture bottles were placed at 23° for 24, 48, 72, and 96 hours respectively, 
and then removed to 17° where they remained until the larvae were ready to 
pupate. It can be seen from Figure 2 that there is little effect from the tempera- 
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ture as long as the larvae spend no more than the first three days of their develop- 
ment at 23°. After that the percentage of adhesions rapidly decreases. There are 
two ways to interpret this decrease in the frequency of adhesions: either terminal 
adhesions are sensitive to temperature during the fourth day of larval develop- 
ment; or there is an accumulative effect of temperature requiring at least three days. 
Further experimentation will make it possible to select between these two possi- 
bilities, but at this time only these preliminary data on temperature effect have been 
completed. 

It was suspected that some cytological phenomenon could be correlated with the 
temperature effect. Salivary gland preparations were obtained from second instar 
larvae (the stage reached at the end of the third day at 23°). This preliminary 
cytological investigation failed to reveal a clear picture of the chromosomes since 
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Ficure 2. 


they are most difficult to interpret at this early stage. It will be necessary to 
employ various cytological techniques before the question can be entirely settled. 
The results of the preliminary investigation do not exclude the possibility that 
terminal adhesions have not formed at the time of the second instar. 

It will be noted, Figure 2, that the frequency of adhesions is slightly greater 
when the larvae are placed at 23° for the first several days and then returned to 
17° than when the larvae undergo their entire development at 17°. If this is a 
significant difference, and only more detailed analysis will clarify that, then an 
explanation becomes difficult. It would indicate that there may be two occasions 
during the development of the chromosomes when temperature can effect terminal 
adhesion formation, or that there may be two different ways by which temperature 
exerts its effect. 

In order to locate 100 terminal adhesions in the Swedish-b strain in cultures 
raised at 17° it was necessary to study, on the average, 45 smear preparations of 
pairs of salivary glands; but in order to locate 100 adhesions in the same strain 
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raised at 23°, it was necessary to study 128 smear preparations. Yet, when the 
100 adhesions from 45 smear preparations are compared as to types of adhesions 
with the 100 taken from 128 preparations, it is apparent that the terminal adhesion 
pattern (specificities) remains unaltered. This is demonstrated by the data in 
Table IV. An ,’ test gives the following probabilities that these sets of data are 
similar: Column A compared to column C — P = .80; A to D=.80; A. to E= 
95; B to C = .60; B to D= .05; B to E = .02; columns A plus B compared to 
C — P= .99; AB to D = .70; AB to E = .50; and columns A plus B compared to 
columns C plus D plus E— P= .70. Therefore, it can be concluded that tempera- 
ture does not affect the types of adhesions which occur, but only the total incidence 
of adhesions. 


TABLE IV 








Per cent adhesions Per cent adhesions 
Chromosome : Sw.-b 17 = Sw.-b 23 
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X-2R 
X-3L 
X-3R 
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3L-3R 
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Intercalary adhesions 


The ends of the chromosomes not only adhere to each other, but are also found 
adhered to regions along the length of the chromosome arms or to the bases of 
arms. Preliminary data on intercalary adhesions were reported by Hinton and 
Atwood (1941). Since that time 180 cases have been recorded which represent 
sufficient data to justify an analysis. All of these data were used to plot the fre- 
quency with which the various chromosome regions were involved in adhesions 
and this was compared with values expected on a random basis (number of ad- 
hesions divided by the number of chromosome regions as shown on Bridges map— 
100). A striking deviation from randomness was apparent, with some regions 
containing as high as 12 per cent of the total cases found, while in other places 
along the chromosomes as many as five consecutive regions contained no adhesions. 
In order to treat the data statistically in the most simple manner, each of the five 
long chromosome arms was divided into four parts by using every five regions on 
the Bridges map as a unit. These 20 sections were then compared with the 
theoretical random distribution. An x’ test gave a probability of less than .01 
that the adhesions could be distributed along the chromosomes at random. The 
conclusion is justified that there are certain regions of the chromosomes which are 
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associated in adhesions with a high frequency, while the majority of regions show 
the expected frequency. 

The more distal regions of the chromosome arms show a higher frequency of 
adhesions than do the more proximal. This is best illustrated by Figure 3 in which 
are shown the five chromosome arms divided into four regions and plotted against 
the percentage of adhesions occurring per region. The data pictured in Figure 3 
involve only intercalary regions, the data for the tips adhered to these regions being 
reserved for separate analysis. 

Since the distal fourth of each chromosome arm shows a greater frequency of 
adhesions, it is necessary to assume, either that any material responsible for this 
type of pairing is present in greater abundance near the ends of the chromosome, 
or that due to the arrangement of the chromosomes, the distal regions are more 
accessible to the tips of other chromosomes. If the first hypothesis were true and 
it be postulated that this type of pairing is due to the attraction of heterochromatin, 
than a greater amount of intercalary heterochromatin should be located in the 
distal quarter of each chromosome arm than in any other region. There is no 
cytological evidence to support such an assumption, but since some heterochromatin 
regions present in dividing chromosomes do not appear in salivary gland chromo- 
somes (Hinton, 1942) such a possibility is not eliminated. If the second hypothesis 
were true then the differential frequency would be due solely to mechanical causes. 

Those regions which have a strikingly high occurrence of adhesions are shown 
in the following list: 


Chromosome arm Regions 


x 2B, 3C 

2L 21/22 

2R 56, 58 

3L — 

3R 99/100, 100C/D 


Sixty-six additional places along the length of the chromosome were found to 
be involved in adhesions, but none of these with a surprisingly high frequency. 
Kaufmann (1939b) studied the position of X-ray induced breaks along the X 
chromosome and discovered at least 12 regions with a breakage frequency con- 
siderably higher than the expected frequency of a random distribution. He sug- 
gested that these regions contain heterochromatin which would account for the 
high breakage by X-rays and for the fact that these regions occasionally pair with 
each other and with the chromocenter. The question arises: Are the regions which 
show a high frequency of adhesions correlated with those showing a high breakage 
frequency? Table V, shown on the next page, makes such a comparison. 

It is true that some regions with a high breakage frequency are found to be 
involved in adhesions, but on the whole neither a positive nor a negative correlation 
exists. Since those regions which have the highest adhesion frequency are not the 
same regions which show a high breakage frequency, non-specific heterochromatin 
certainly cannot be the important factor in both cases, although the possibility is 
not eliminated that it is important in one case or the other. Such a comparison as 
this is justified since the data indicate that neither the breakage frequency (Kauf- 
mann, 1939b) nor the adhesion frequency (see following paragraph) varies for a 
given region in various strains. 





156 TAYLOR HINTON 


Since it had been demonstrated that the pattern of end-to-end adhesions is 
different in different strains, the question arises as to whether the adhesion involv- 
ing intercalary regions also express different specificities in different strains. It is 
difficult to answer this question definitely due to the relative paucity of data as 
compared to the several thousand places along the chromosomes that adhesions 
might occur, but in the Oregon-R strain 69 cases of intercalary adhesions have been 
recorded ; and 46 in the Swedish-b strain, and when these cases are plotted against 


TABLE V 








Regions found by 
Regions found Hinton to be involved 
by Kaufmann in adhesions 
to have a high as — 
breakage Number of 
frequency Region adhesions 


1C/D 1 
iF 
2B 
2D 
3B 
3C 
3D 
4B 


5 

5/6 
7B 
8F 


9 


N = = te 


20B 


chromosome regions and the two sets compared it can be observed that the regions 
showing high frequency of adhesions are usually the same in each case and that the 
distribution is in general very similar. At least from the data on hand the indica- 
tions are that even though intercalary adhesions are not at random, the specificity 
remains constant from strain to strain. 

So far this discussion of intercalary adhesions has dealt only with the sub- 
terminal regions involved in the adhesion with no regard to which chromosome 
ends were involved. Data are presented in Table VI showing the number of times 
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each chromosome end is involved in an intercalary adhesion (in per cent of the 
number of cases observed). 

From these data a difference in the behavior of the ends in the two strains is 
apparent. An x’ test gives a probability of less than .01 that the two sets of data 
are similar. It therefore appears that the intercalary regions involved in adhesions 
remain the same from one strain to another but the chromosome ends involved 
vary from one strain to another. Another point of interest in these data is the 
correlation between the behavior of chromosome ends involved in intercalary ad- 
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Figure 3. The number of intercalary adhesions is plotted against chromosome regions. 
Region 1 is the most distal in each case, but does not include the tip of the chromosome. Data 
for tips involved in intercalary adhesions are presented in Table VI. 


hesions and those involved in terminal adhesions. It may be recalled that in 
Swedish-b, 2R and 3R adhere together with a frequency much greater than they 
do in Oregon-R. In Table VI it can be seen that both 2R and 3R are involved in 
intercalary adhesions with a frequency higher in Swedish-b than in Oregon-R. 
The same correlation exists for 2L and 3R. The only chromosome end which 
behaves the same in terminal adhesions in both strains is 3L, and it is found also 
to be involved in intercalary adhesions with about equal frequency in both strains 
(8 per cent and 6 per cent). A correlation is indicated between the potentialities 
of a chromosome end participating in terminal adhesions and in intercalary ad- 
hesions. 


Chromosome substitution 


The distinguishing feature of the adhesion pattern in the Oregon-R strain as 
contrasted with the Swedish-b lies in the considerably higher frequency of the X-2L 
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combination of chromosome ends (20.5 per cent as compared to 2.0 per cent) and 
lesser frequency of the 2R-3R combination (30.5 per cent as compared to 51.0 per 
cent). The eight other possible combinations of two chromosome ends occur with 
an approximately equal frequency in both strains. What will be the reaction of 
the Swedish-b X (which adheres to Sw.-b 2L in only 2 per cent of the adhesions 
observed) with an Oregon-R 2L that is accustomed to adhering to X in 20.5 per 
cent of the cases? The following experiment was designed to test the effect of a 
Sw.-b X chromosome upon the adhesion pattern of the Ore’R chromosome by 
substituting a Sw.-b X for an Ore’R X, leaving the autosomes entirely Ore’R. In 
order to achieve the substitution of one chromosome in a strain it is necessary 
genetically to mark each chromosome in such a manner that it can be identified 
and also to prohibit crossing over so that no alteration in the chromosomes can 


TABLE VI 





End involved in intercalary End involved with end 


Chromosome end Strain Strain 


Sw.-b 





X - : 16 
2L 4 
2R 34 
3L 8 
3R 38 


occur. If this is achieved, the result should be a strain of Drosophila entirely 
homozygous for Ore’R chromosomes with the exception of the X chromosomes 
which are homozygous Sw.-b. The obvious objection was foreseen, that regard- 
less of the results of such a substitution no distinction could be made between the 
effect of the foreign chromosome as a whole and the effect of merely the foreign 
tip. It was therefore necessary to compare simultaneously a stock homozygous 
for Ore’R chromosomes with the exception of the tip of the X chromosome which 
would be homozygous Sw.-b: The creation of such a stock required crossing over 
at the tip of the X chromosome but under such conditions that the entire comple- 
ment of chromosomes would remain Ore’R with the exception of this small terminal 
region. As a control to compare with these two altered stocks, it was necessary to 
recover from the crosses a stock carrying a complete homozygous set of Ore’R chro- 
mosomes. These three stocks which the experiment is designed to create may be 
pictured diagramatically as follows (the small fourth chromosome is ignored in 
these experiments) : 


X chromosome Chromosome 
Tip Remainder 2 and 


1. Ore’R Ore’R Ore’R Ore’R 

2. Sw.-b Ore’R Ore’R Ore’R 

3. Sw.-b Sw.-b Ore’R Ore’R 
The genetical technique used to achieve these three stocks follows: In order to 
maintain the autosomes from one generation to another without losing their iden- 
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tity, chromosomes with dominant markers and inversions in both arms were car- 
ried heterozygously with the wild-type chromosomes (Cy al* L* sp? and Mé, In 
(3R)C, Sbe1l (3) e). For ease in referring to these stocks, they are abbreviated 
in this paper as Cy L and Mé Sb, respectively. In order to obtain the proper 
crossover near the tip, an X chromosome marked with recessive mutants was used 
(sc ec cv ct® v s* f car bb! (abbreviated sc ec cv ...). A crossover between 
scute (sc) and echinus (ec) would be in the 2 or 3 region of the salivary map or 
distal to 5.5 on the genetical map. This is relatively near the end of the X and 
would leave about 9/10th of the chromosome intact with only the distal 1/10th 
replaced. Other stocks used as markers were: y Hw d149 m? g* (abbreviated 
d149), Cl B, and Cy/Pm, ds**; H/C, Sb (abbreviated Cy/Pm; H/Sb). The 
series of crosses is summarized in Table VII. 


TABLE VII 
x eceecy ... x Ore’R 
ececcy:... sc eccv... Cy H 
Swab C(O eC eV... —OreR * Pm'Sb 
Sw.-b — eccv... 
scetcr... 


sc — Ore’R; Pm; H 


Sw.-b — eccv... 
} Pte tl Re . O 2’ 
x —— tae ; Pm; H re’R 
: Sw.-b — Ore’R Pm H 
i 2 oun d149; Cy L; MéSb x Sw.-b — Ore'R; 55 ‘Ore R 


Pm HH Sw.-b —Ore’R CyL  Mé Sb 
Ore’R ’ Ore’R . d149 ’ Ore’R ’ Ore’R 
Sw.-b — Ore’R Ore’R Ore’R 
Sw.-b — Ore’R ’ Ore’R ’ Ore’R 


Sw.-b — Ore’R; 


In order to establish a stock which has an entire Sw.-b X chromosome with 
Ore’R autosomes, and a control stock with a full complement of Ore’R chromo- 
somes, the procedure diagrammed in Table VIII was used. 


TABLE VIII 


Sw.-b x d149; Cy L; MéSb di49;Pm;H x Ore’R 
CyL MéSb di49 CyL MéSb Pm H 


Oe Seb * “EF Seb Ge * “GR Genk 


di49 CyL MéSb CyL MéSb di49 CyL MéSb CyL MéSb 


? Ore’R OreR' OreR * FRG OR OreR SwobOre’R'OreR * 9”? GreROreR 


Ore’R _Ore’R | Ore’R Sw.-b Ore’R Ore’R 
Ore’R ’ Ore’R ’ Ore’R Sw.-b ’ Ore’R ’ Ore’R 





After these three stocks were obtained, salivary smear preparations were made 
and 100 cases of terminal adhesions recorded from each. Table IX presents the 
data comparing the effect on the Ore’R pattern of terminal adhesions of a Sw.-b X 
chromosome versus a Sw.-b X chromosome tip versus an Ore’R X chromosome. 
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An examination of the data shows that the Sw.-b X (which seldom adheres 
with a Sw.-b 2L) when placed with an Ore’R 2L (which normally adheres fre- 
quently with Ore’R X) seldom adheres with it (column 2, Table IX). This in- 
troduced chromosome brings with it into the Ore’R strain the specificities which 
characterized it in the Sw.-b strain. Therefore the tendency of a chromosome to 
adhere or not to another chromosome is a property of the chromosome itself and 
not of the group of chromosomes as a whole. 

But the experiment also makes possible a deeper analysis of chromosome be- 
havior. When we are dealing with a chromosome complement of Ore’R in which 
only the tip of the X chromosome has been derived from the ‘Sw.-b strain, there 
is still little adhesion between such an X and the left arm of chromosome 2 (column 
3, Table IX). The strong attraction between the X-chromosome and 2L which is 
so typical of the Ore’R stock thus is abrogated by the substitution of a very small 
terminal portion of the X from the Sw.-b strain. It is therefore in the tip region 


TABLE IX 





1 2 3 4 


Chromosome , ° . — Sw.-b tip on . > os 
combinations Ore’R X with Sw.-b X with Ore’R X with Sw.-b X with 


"R: "Re . Sw.-b « S 
Ore’R autosomes Ore’R autosomes Ore’ R. autcsomes w.-b autosomes 


X-2L 17 
X-2R 4 
X-3L 10 
X-3R 20 
2L-2R 
2L-3L 
2L-3R 
2R-3L 
2R-3R 
3L-3R 
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1 6 
7 5 
9 0 
5 3 
8 10 
2 $ 
7 8 
6 9 
4 3 
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Total cases 100 


of the chromosome that its adhesion properties are localized and the body of the 
chromosome as a whole is not responsible for the effect. 

Finally it is to be noted that the X from Sw.-b (be it the whole X or only the tip 
replacing the Ore’R tip) fails to adhere frequently also to 3R of Ore’R. Since the 
X chromosomes of both stocks have a strong tendency to adhere to 3R if the latter 
is from the same stock, this must mean that tae properties involved in the X-3R 
combination in one stock are different from those involved in the other stock. 

Since two of the most frequent types of adhesions (X-2L; X-3R) are practically 
eliminated by introducing a Sw.-b X (or tip) into the Ore’R environment, it would 
be expected that the total frequency of adhesions should be reduced. This is not 
the case. The total number of adhesions per nucleus remains the same as in the 
parental strains (22 per cent of the nuclei contain adhesions in the Sw.-b tip stock; 
20 per cent in the parental stocks). Thus the other eight possible combinations 
of chromosome ends (two-by-two) must rise in frequency to compensate for the 
two missing categories. Do they rise proportionally as might be expected? The 
answer is clearly that they do not rise proportionately. While some combinations 
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occur with an unaltered frequency, others are encountered much more often, and 
notably 3L-3R which soars from 6 per cent to 24 per cent. The indications seem 
to be that 3L and 3R, since they remain structurally unaltered, had the ability to 
adhere in the Ore’R strain but this was never realized due to a stronger attraction 
between X and 3R. In other words, once the stronger attraction is eliminated by 
bringing in a foreign X, the weaker attraction becomes the strongest remaining. 
(The word “attraction” is used throughout in a purely descriptive sense and in no 
way is an attempt made to imply physical forces.) 

Thus, by substituting a foreign X chromosome and a foreign X chromosome 
tip into the Ore’ R strain, the locus of specificity involved in terminal adhesion is 
found to be the end of the chromosome. The experiment also reveals unsuspected 


dU! PE 


Ficure 4. The distal end of the X chromosome in: a. Oregon-R. b. Swedish-b. c. Swedish-b 
on Oregon-R base. d. Marker stock. 


potential attractions carried by the chromosome ends—attractions which result in 
adhesions only in the absence of stronger attractions. 


Cytological examination of the chromosome ends 


Detailed study was made of the banding at the end of the chromosome in the 
Sw.-b strain, the Ore’R strain, the Sw.-b tip on the Ore’R X base, and the marker 
stock used to obtain the crossovers (sc ec cv ct® v s? f car bb!), This study demon- 
strated that the Ore’R and the marker stock X chromosomes are longer by a no- 
ticeable amount than either of the two Sw.-b X chromosomes. A study of Figure 
4 shows that the Ore’R and marker X chromosomes have regions 1A 1-2-3 
(Bridges map) while the others lack this. Whether this is a typical terminal defi- 
ciency as described in connection with the micromanipulation data in a previous 
section of the present paper, or not, the fact remains that there is a definite mor- 
phological difference in the X chromosome tips in these strains and furnishes 
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evidence in addition to the genetical evidence that the tip of the experimental stock 
is truly Sw.-b. It becomes obvious to suggest that the different specificities in 
terminal adhesion shown by the Ore’R and Sw.-b chromosomes may be due to the 
morphological difference. It was previously suggested (Hinton and Atwood, 
1941) after a study of adhesions in a terminally deficient stock, that there are sub- 
terminal layers of properties which can operate if the tip is removed and the raw 
end heals. The new end has the ability to assume the role of the previous end, 
but not with the identical specificities. 


DISCUSSION 


Since all cells of an individual have the same descent one need not look to a 
difference between the chromosomes in order to explain the differences in ad- 
hesions among the cells of a single gland. Yet we also know from the experi- 
ments in the present paper that the end of the chromosome is the important factor 
in deciding the types of adhesions. This has meaning if we conceive of the tip as 
containing several properties for sticking, one of which, for example, involves a 
strong attraction for some other chromosome while another properly involves a 
weak attraction for still a different chromosome. If, at some stage in the develop- 
ment of the salivary gland, there is a movement of the chromosomes and an ap- 
proximately equal chance that any chromosome end might pass close to any other 
chromosome end in the nucleus, it is logical that the two ends which have a stronger 
attraction for each other will show adhesion more often than will two ends with a 
weak mutual attraction which necessitates a closer approach before sticking can 
occur. This is suggesting that the different properties at the end of the chromo- 
some responsible for the sticking have different sensitive volumes, or spheres of 
influence in which they are capable of attracting. 

The tip replacement experiment furnishes the best clues as to the number of 
properties which must be assumed to be at the end of the chromosome. It is 
obvious from the data that all tips do not contain the same properties even though 
any two have some in common. Also, one end may exert an influence over another 
end so strong that weaker attractions are seldom realized except in the absence of 
the stronger attraction. Therefore the chromosome end must be assumed to con- 
tain properties seldom expressed due to the presence of more dominant proper- 
ties. With these indications in mind it is possible to construct a model of the ends 
and the properties they contain. If the ends in Ore’R are designated as X-CA, 2L- 
CD, 2R-Bad, 3L-ac, 3-R-ABc; and if it be assumed that the letters used represent 
properties of the chromosome ends, and that the attraction between A and A is 
greater than between A and a which in turn is greater than between a and a, etc. ; 
then the model expresses the various frequencies shown by the data. 

Such a model is mainly a diagrammatic restatement of the data, but its main 
value is to indicate the amount of assumption necessary for a working hypothesis. 
According to this most simple model it is necessary to assume three or four proper- 
ties per tip in order to include all data, and at least six different properties. One 
of these properties may be chromosome length, and another a general attraction 
between all parts of the chromosomes, but the rest of the properties must be as- 
sumed to be more specific in nature. These properties can be assumed to be either 
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TABLE X 


(Assuming CC produced 20 per cent adhesion; Cc, 1 per cent; cc, 1; AA, 20; Aa, 6; 
aa, 1; BB, 20; dd, 3.) 
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Combination Attraction due to: 


X-2L 
X-2R 
X-3L 
X-3R 
2L-2R 
2L-3L 
2L-3R 
2R-3L 
2R-3R 
3L-3R 
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characteristics of a single substance or units of material at the end of the chromo- 
some. 

The idea that the whole phenomenon of terminal adhesions is due to a single 
heterochromatic attraction becomes impossible in light of the data presented in 
this paper. If quantitative differences in a single factor were responsible for the 
different frequencies of adhesions, as is assumed by the heterochromatic theory, 
then a mathematical model could be set up to fit. Such a model is impossible to 
formulate for one cannot explain in simple quantitative terms (with the adhesion 
frequencies following either the sum or the product of varying quantities) such 
frequencies of combinations of chromosome ends as have been shown to exist by 
the data. If heterochromatin is the substance involved in the formation of termi- 
nal adhesions, it becomes necessary to assume at least six types of heterochromatin 
either with stronger attractions between some types than between others or any 
one type possessing several properties. The same objection holds for the telomere 
theory. The telomere would have to consist of many parts each with different 
specificities. But regardless of whether we conceive of the end of the chromosome 
as being heterochromatins, compound telomere, or genic material, the indications 
are that it shows several specific attractions of various strengths, dependent upon 
proximity for expression, subject to change by mutation, and able to reform if re- 
moved or altered. 


SUMMARY 


In order to obtain further insight into the nature of chromosome ends, the 
phenomenon of terminal adhesions in salivary gland chromosomes was studied. 

Salivary gland chromosomes involved in terminal adhesions were stretched with 
the needles of a micromanipulator until the ends broke apart. No case was found 
in which the ends had gained or lost a band. 

From determining which chromosomes were involved most frequently in ad- 
hesions, it is concluded that the frequency with which any two chromosome ends 
adhere together is non-random, differs in different strains, is subject to change 
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over a period of time, is not affected by the genotype of the cytoplasm nor tem- 
perature. However, the total incidence of adhesion is affected by temperature. 
Intercalary regions associated with chromosome ends were found to be non- 
random. 
A foreign chromosome end introduced into a strain demonstrates that the 
specificities shown in terminal adhesions are characteristics of the end itself, and 
reveals potential abilities of ends which are not realized under normal conditions. 
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THE ARMY-ANT BEHAVIOR PATTERN: NOMAD-STATARY RELA- 
TIONS IN THE SWARMERS AND THE PROBLEM 
OF MIGRATION 


T. C. SCHNEIRLA ? 


Fellow of the John Simon Guggenheim Memorial Foundation 


The problem of migration occupies a position of considerable importance in the 
study of animal psychology, involving as it does questions such as “instinct,” re- 
productive functions influencing behavior, sensory and ecological factors in be- 
havior, and others of significance. Numerous writers have suggested, with rea- 
son, that the scientific explanation of animal migration may be improved not only 
through further investigations of the best known migrants, among birds and fishes, 
but also by studying other instances wherever they arise in the phyletic series. 
By investigating migration and related patterns in a variety of animal types, it may 
well be possible to clarify both the essential fundamental characteristics of migra- 
tion and characteristics which may differ or be absent according to the given bio- 
logical setting. Accordingly, our present discussion introduces such an exercise 
in the study of one of the social insects. 


The most characteristically pedestrian of all insects, species of the ant subfamily 
Dorylinae in the American tropics, commonly known as “army ants,” seem com- 
mitted to a wandering of their colonies without any possibility of more than rela- 
tively brief nesting stops. In this respect they resemble their Old World relatives, 
the “driver ants,” of which Savage (1847) said: 


“From its locomotive habits the impression . . . has obtained, that it has no fixed habitation. 
This my observations go to confirm in respect both to their appearing and disappearing from 
certain localities, and the absence of cells or magazines.” 


The typical inability of doryline colonies to settle down permanently has prompted 
many writers (in particular: Sumichrast, 1868; Belt, 1874; Vosseler, 1905; and 
Wheeler, 1910) to refer to these ants as “migratory.” It is in order to inquire 
whether the application of this term to doryline colony movements is merely gratui- 
tous, as other writers such as Heape (1931) maintain, or is actually justified in 
a technical sense. 

Systematic observations soon reveal that the rambling of doryline colonies is 
not random or haphazard but instead involves a predictable routine describable 
as a regular pattern. In a previous paper (Schneirla, 1938) such a pattern has 
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been described for Eciton hamatum, the type species of the American subgenus 
Eciton s.str. In the season of rains, evidently the time of optimal Eciton activity, 
this pattern exhibits two prominent activity phases: one, a nomadic period, in 
which there are large daily raids, each passing at nightfall into a movement of the 
entire colony to a new temporary nesting site, and two, a statary period, in which 
small daily raids are staged from a stable bivouac site, without any bivouac-change 
movements. These major changes in colony behavior occur in regular succession 
during the rainy season, under conditions indicating that the key factor in the 
behavior cycle of a colony must be present or absent in dependence upon the con- 
dition of developing broods. The pace-setting basis of the entire system of events 
may be traced to the reproductive properties of the E. hamaium queen (Schneirla, 
1944b). 

To what extent does this pattern of events prevail in other dorylines, particu- 
larly in species which deviate noticeably from the type species in prominent aspects 
of behavior? EE. hamatum is prominent in the forests of tropical America because 
it is a terrestrial species staging raids which involve far-flung systems of ramifying 
columns headed by small groups of predators, i.e., it may be called a column raider. 
Strikingly different are’ the swarm raiders, whose forays are headed by immense 
unitary bodies of ants rather than by innumerable small spearhead groups. It is 
typical in E. burchelli, which we have studied as a representative of the swarm 
raiders, that only one principal trail connects the primary raiding masses with the 
colony bivouac. Even so, burchelli colonies undergo a bivouac-change movement 
as sequel to a raid much as do hamatum colonies. There are radical differences 
between these species in the actual mechanism of the exodus as an outcome of 
raiding, yet we have found (Schneirla, 1944a) that certain fundamental events are 
common to both. \ 

From this arises the principal sulyject of the present paper, the larger picture 
of relationships in the life and behavfor of swarm-raiding burchelli colonies over 
considerable periods of time. If burchelli colonies undergo a cycle of movement 
and pause somewhat like that of hamatum, it is desirable to find how the phases of 
this cycle occur, and what their underlying causes may be. In that sense, the 
present investigation represents a test of the theory already advanced for the 
Eciton type species. 

An interest in the causation of Eciton mass movements inevitably leads to 
questions concerning their relationship to the general occurrence of collective 
movement in animals. In the general literature this relationship is not at all clear, 
in particular because writers on animal movements have based their conclusions 
concerning the dorylines on doubtful and incomplete evidence. 

In one of the most comprehensive treatises on the subject of animal movements, 
Heape (1931) distinguishes between two types of “voluntary” (i.e., active) move- 
ments: one, “elemental” or “climatic”? movements, “undertaken in search of food 
or water, or in order to escape from unfavorable climatic conditions,” and two, 
“gametic” movements, which are “impelled by impulses which arise from physio- 
logical activity in the reproductive system, and concern the life, that is to say, the 
continuity of the race” (p. 336). Heape insists that gametic (i.e., reproductive) 
causes are essential to true migration, “. . . a movement which involves a journey 
to a definite area, and a return journey to the area from whence the movement 
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arose.” Distinguished from this is emigration, which rests upon alimentary or 
other non-gametic causes, and in which a return does not occur. 

On this basis, Heape believed that doryline movements should be classed as 
non-migratory, as cases of emigration. For example, Eciton colonies, which “con- 
stantly change their home and hunting ground,” are not accepted by him as valid 
instances of nomadism, since 


“ 


. . . these animals recognize no territory; they travel wherever it may suit them to go, 
establish themselves with their pupae wherever it may suit them to stay, and remain there as 
long as sufficient plunder is to be found within the limit of their raiding capacities. Moreover, 
they do not return to any permanently established home” (p. 178). “I judge them to be emi- 
grants, whose sole business in life is raiding. They have a temporary home only, it is true, 
but still a home within a definite territory so long as it lasts; that is, so long as their ravages 
over that territory bring them in what they need. Then they move on somewhere, anywhere 
else, with their young; make there another home, and again ravage the territory available 
around.” 


This view of doryline movements, although misrepresentative (Schneirla, 
1944a), appeared to find corroboration in the literature. From Carpenter’s (1920) 
observations of day-long movements of Dorylus colonies in East Africa, “streaming 
along . . . to a new hunting ground, where they quickly form a home and estab- 
lish themselves,” Heape draws a distinction between such activities and “minor 
streams of hunting parties, which are formed as occasion demands after the colony 
has settled down in new territory.” But, he says, 


“while emigrating these ants do not carry on raids, they are concerned only in traveling to a 
new home. Presumably they have sufficiently divested the region around their last home, they 
havé worked out that region, and now seek new territory to ravage, and being raiders, and 
living only by raiding, they disregard all territorial rights of others and establish themselves, 
where spoil promises to be plentiful.” 


This has been the prevalent view, that doryline colonies move from place to 
place rather haphazardly, purely on an alimentary basis. From his observations 
of Eciton behavior in Nicaragua, Belt (1874) stated that “. . . it is a curious 
analogy that, like the hunting races of mankind, they have to change their hunting 
grounds when one is exhausted, and move on to another” (p. 17). Vosseler 
(1905), having studied the doryline species Anomma molestum of East Africa, 
stated that a colony occupies the same nest until it has destroyed all of the avail- 
able prey in a locality, which requires some 8 to 10 days, then the colony moves 
elsewhere. Once the vicinity of the nest has been thoroughly ransacked, when the 
haul of booty no longer suffices for the food needs of the colony, “so muss es sich 
zur Auswanderung entschliessen” (p. 293). Vosseler’s account has led (or, we 
might say, “misled”) numerous secondary writers, including Forel (1923), to 
adopt the food-exhaustion explanation of doryline movements. Reliance upon 
the presumed soundness of this interpretation brought Heape (1931) and Fraenkel 
(1932) in particular to the decision that Eciton movements are not to be con- 
sidered instances of migration. 

The last two writers, especially, might have been less positive concerning the 
status of Eciton movements had they not overlooked an important study by Miller 
(1886). Because this study is the only one preceding our own which conte’ > 
information about the day to day activities of an Eciton colony (an E. burcheui 
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colony, moreover), and because it is published in a relatively inaccessible journal, 
it is desirable to offer here a detailed summary of the pertinent results. 

Miller opened his record on Feb. 28, 1885, when a burchelli colony came to 
notice in his brother’s garden near Blumenau, Prov. St. Catherina, Brazil, and 
ended about three weeks later. A summary of his observations follows: 


Feb. 28 (on the two preceding days the ants had been seen raiding in the garden) at 9 
A.M., when discovered on Feb. 28, the ants formed a closed column (very probably what we 
have termed the “principal column”—1940). Having viewed “all of the branches,” Miiller 
found headquarters beneath the branches of a fallen tree. Some of the larvae were enclosed in 
cocoons, but none had pupated. At 8:00 P.M. when the spot was revisited, a strong column 
of Ecitons was removing larvae with all signs of dispatch, moving in the reverse direction to 
that of the morning (i.e., away from the bivouac). At 11:00 P.M. the procession was still in 
full progress. 

Mar. 1—The column was traced at 7:00 A.M. to a fallen hollow tree, into which the ants 
disappeared.2 Since there were no traces of other columns from this site, which was about 200 
paces from that of Feb. 28, Miller concluded that the hollow tree must contain the new nest. 

Mar. 2.—At 6:00 A.M. the ants were engaged in changing quarters once more, this time 
having taken a fallen hollow tree-trunk 50 paces from the last one.* On this day also the ants 
went out pillaging, raiding to the east. 

Mar. 3.—At 6:00 A.M. no ants were to be seen; a few hours later they were occupied with 
booty, on a trail to the southeast. 

Mar. 5, 6—At 6:00 A.M. no ants were seen outside the nesting place. 

Mar. 7—At 10:00 A.M. there was a single column, raiding almost directly westward. 
“Thus, in visiting the surrounding area on different days, the ants appeared to proceed fairly 
systematically.” 

Mar. 8—Despite good weather, the ants were not seen outside the tree when the site was 
visited at 7:30 and 11:00 A.M., and at 4:00 P.M. 

Mar. 9—When no signs of activity were observed, smoke was introduced, forcing the ants 
to move into the lower portion of the trunk. No sexual forms were seen. All visible larvae 
appeared to be enclosed. 

Mar. 10—The former place was deserted; finally the colony was found hanging in a cluster 
against the inner wall of a standing tree close by. (There is no mention of a raid.) 

Mar. 11—No booty column was observed. 

Mar. 12—When the site was visited toward evening, a meager raiding column was seen. 

Mar. 13—The tree trunk was opened, and large numbers of cocoons were seen, but no fertile 
forms. 

Mar. 14—The colony was anaesthetized and a considerable part of it, estimated at about 
5,600 cu.cm. in volume, was taken away in a sack for examination. Less than half of the 
workers and about half of the brood were removed. Among hundreds of individuals examined, 
the brood contained only enclosed pupae, with the exception of a still unpupated small worker. 

Mar. 15—In a further exploration of the cluster in the hollow tree, masses of eggs were 
discovered. 

Mar. 16—In the afternoon a weak column was observed, out for booty. 

Mar. 17—The hollow tree was knocked over and the ants once more were driven out with 
smoke. A search failed to disclose the queen. This marked the end of the study. 


In discussing his results, Miller focussed upon his observation of a decline in 
raiding after March 8, the day when (as he judged) the last larvae were enclosed. 


2On the morning of March 1 there was observed at one side of the burchelli column a 
wingless male, half led and half pushed along by a few workers. This individual was accepted 
by a group of workers with whom he was placed, and hence must have belonged to the colony. 
Subsequent examination by Forel disclosed that this burchelli male actually was a Labidus, 
one of the group whose biological affiliations had been long in doubt. 

3 It is important to note that this was the last active bivouac-change movement of Miiller’s 
colony during the period of observation. 
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This parallel between decreased raiding and a change in brood condition seemed 
to him far from accidental, since “a colony needs less food once its brood is en- 
closed, the ants raid correspondingly less” at such times. Although this explana- 
tion of reduced raiding based upon an inferred reduction of food requirements 
appeared to be justified by the observed circumstances, two important points 
relevant to its validity were not considered in the discussion. These were, first, 
that important changes in brood condition must have occurred well before March 9, 
and second, that a considerable decrease in raiding must have taken place about 
March 2. Such facts lead us to a consideration of events beyond raiding, favoring 
a different explanation than the one Miller offered. 

Other events in colony behavior such as the matter of changing the nest-site 
appear to have received a very separate consideration in Miller’s thinking. To him 
“the helplessness, the difficulty, with which they settled upon a change of dwelling 
after March 9,” in contrast to earlier changes of quarters, could be explained only 
by assuming that a fertile queen was present (i.e., after March 9). Heavy and 
difficult to transport, he thought, this individual must have been a hindrance to 
removals. Although she must have been present on Feb. 28, the queen then very 
probably was “slighter and more easily transported.” A direct contradiction of 
this line of reasoning exists in Miiller’s own evidence, in the fact that the colony 
kept to the spot even after the queen apparently had laid her eggs and might there- 
fore have been “easily transported.” To add to the difficulty, his own record shows 
that the colony first settled in place not on March 9, but actually on March 2. 
The facts call for a very different type of explanation. 

Thus Miller advanced two distinctly different hypotheses, one to account for 
changes in raiding behavior, the other to explain colony immobility. The first of 
these is significant, not because it is valid as an explanation, but because it sug- 
gests that a relationship may exist between colony behavior and observable condi- 
tions within the colony. It was with lively interest that the present writer first 
read Miiller’s paper after having prepared an account of his own initial Eciton 
investigation (1933) in which the existence of such a relationship was noted and 
its significance indicated. 

A final statement deserves to be quoted: 


“Wenn nun das Vorhandensein einer K6nigin ein Hindernis fiir das Weiterwandern, die 
Zeit der Puppenruhe die Zeit eines viel geringeren Nahrungsbediirfnis ist, bei dem das sonst 
in wenigen Tagen abgesuchte Terrain wohl Wochen lang geniigt, dann erscheint dies zeitliche 
Zusammenfallen zweier nicht in direkten Zusammenhang stehender Ereignisse (Verpuppung und 
Beginn der Eiablage) nicht als etwas Zufalliges, sondern als durchaus notwendig.” 


This suggests that Muller glimpsed the unity of the entire phenomenon, although 
the fixity of his two disparate hypotheses prevented him from reaching a common 
basis of theoretical explanation. 


One relationship in the complex Eciton pattern about which a clear under- 
standing is essential concerns the bearing of raiding activities upon colony move- 
ment. Of course, in the form of the behavior and in the time of day at which these 
two activities occur there are important typical differences, as a number of writers 
(Bates, 1863; Miller, 1886; Carpenter, 1920) have pointed out for various dory- 
lines. From his observations of the African species Dorylus nigricans and glabratus 
Carpenter (1920) distinguished raiding forays from other movements. “But 
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every column of Ensanafu that one sees is not engaged in changing camp; most 
often they are either going out to hunt, or returning laden with spoils.” We 
have shown in detail for burchelli (1944a) that raiding is organized in the morn- 
ing and develops during the day, whereas the bivouac-change movement occurs 
at the end of day and during the night. Yet to differentiate raiding from colony 
movement should not lead to overlooking the relationship of these events, as 
Miller did in offering distinctly different explanations for them. 

As a foundation for the present paper, our previous consideration (1944a) of 
the manner in which raiding leads into colony movement under given conditions is 
materially important. For in that connection it was shown that under certain 
other conditions a raid cannot eventuate in a change of nest site. The solution 
lies in the fact that very different conditions exist within the colony at the two 
times, as we have demonstrated in the case of the column-raiding E. hamatum 
(1938; 1944b). Although the form of burchelli raiding differs materially from 
that of hamatum forays, the fact that in both species colony movement occurs as 
the outcome of raiding suggests the existence of further similarities. 

The purpose here is not merely to compare the nomadic activities of two Eciton 
species, although this is a useful way to extend our explanation of the Eciton 
problem as such. Beyond that, we are led to an interest in how Eciton movements 
fit into the general picture of the mass movements of animals. It will be useful 
to consider whether the Ecitons are truly migrant, in the sense that they may 
possess the most essential features of animal migration in general, or whether 
certain criteria generally considered essential to migration proper are lacking in 
these insects. 

This study was conducted at the Barro Colorado Island biological reservation in Gatun 
Lake, Panama Canal Zone. The records were obtained during the rainy months May to 
September, for the most part during the years 1936 and 1938. The method was largely one of 
field observation, supplemented by special observations and tests in the laboratory. The general 
plan was to keep certain colonies on record over a considerable period of time, in order to study 
changes in their external behavior and internal condition during the interval; and correlatively, 
to obtain records of similar events in- other colonies over relatively short periods of two or 
more days. 


RESULTS 


Activities of a representative colony of E. burchelli: This colony of E. burchelli 
(record number 381) was first encountered on the morning of June 18, 1938, when 
it was engaged in a vigorous swarm raid. That evening it moved to a new bivouac 
site, and subsequently the study of this colony became the chief problem of the 
daily routine. The period of study ended on August 10 with the writer’s depar- 
ture from the Island, a total of 53 days in which colony 381 was under daily ob- 
servation. During that time the colony moved over rugged terrain through forest 
a distance of nearly two miles, in an irregular path. 

The manner in which the colony operated during the period of study is sketched 
in Figure 1, in which are represented the various bivouac sites successively occu- 
pied, the principal lines of most of the daily raids, and the routes of successive 
bivouac-change movements. The principal facts concerning the activities of col- 
ony 38I are given in Table I. The following discussion of this record is divided 
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into sections according to certain major changes which occurred successively in the 
behavior and condition of the colony. 

Period 1 (nomadic): When the study opened, for a few days the colony 
staged very large daily raids, each passing over toward evening into an exodus 
which ended sometime during the night after the entire colony had moved to a new 
bivouac site. Activities began promptly each morning at daylight with the di- 
vergent spreading of ants around the bivouac, and matters progressed so that a 
directionalized swarm was formed within less than two hours. The swarms that 
developed commonly exceeded 10 meters in width by 11:00 A.M., and became 
somewhat unwieldy and disorganized about that time, so that one or more divisions 
subsequently occurred resulting in two or more sub-swarms moving divergently. 


on 


The outcome was a complex raiding system to be observed in the afternoon, with 
sub-swarms operating more or less independently although interconnected in the 
rear by various secondary columns, the latter discharging into a principal column 
communicating with the bivouac. The forays developing on the first six days of 
this study, up to and including June 23, conformed essentially to the pattern of 
“maximal” burchelli raiding previously described.‘ 

All six of the bivouac clusters formed successively in this brief period were lo- 


4The descriptive statements of this section concerning the development of a raid in E. 
burchelli are consistent with the results of a detailed analytical study of swarm raiding previ- 
ously reported (Schneirla, 1940). 
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cated in the open and close to the ground. Typically the colony formed a cylinder 
which hung down about 40 cm. to the ground from where ants in the upper fringes 
of the wall were securely hooked by their tarsal claws to the lower surface of a log 
or mass of vines. Two of the bivouacs were pouches formed against trees one or 
two meters from the ground. 

Generally in the middle of the afternoon or if delayed, by dusk, a large-scale 
exodus was recognizable, as a rule monopolizing the route of the principal raiding 
trail. In three of the six instances this exodus during the afternoon was blocked 
from the principal trail by return traffic, and developed a new route eventually fol- 
lowed by the colony movement. The rise of a bivouac-change movement as an out- 
come of burchelli raiding has been described in some detail (Schneirla, 1940, 
1944a). 

The transfer generally was completed before midnight, except as on June 23 
when afternoon traffic difficulties delayed the beginning of the heavy exodus until 
early evening. 

The terminal removal of the series took the colony to a hollow tree only about 
45 meters from its previous bivouac site. Within this tree it clustered at a con- 
siderable distance from the ground. From other observations it can be said that 
this last movement of a nomadic series generally is distinguished from preceding 
ones, as in this instance, by the relative shortness of the trek as well as by the na- 
ture of the bivouac site. Under these conditions the colony tends to cluster well 
above the ground, commonly within a hollow tree or similar secluded situation. 

The queen was not seen during this series of moves. In each of four instances 
when the queen of another burchelli colony has been observed under conditions 
comparable to these, this individual was well contracted and (appearing in the last 
third of the movement) was able to force a way despite the crowding of excited 
workers around her. 

Period 2 (statary): On the night of June 24 the colony formed an elon- 
gated pouchlike cluster high (ca. 10 meters up) in the interior of a large lightning- 
cleft tree. The bivouac remained in almost exactly the original position (where 
it was well sheltered from the elements) until July 16, i.e., for a period of slightly 
more than three weeks. 

During this interval of immobility raids when they occurred were definitely 
smaller than before June 24, fitting the picture of “minimal” raiding previously 
described for burchelli (19442). The forays were always slow to begin in the 
morning (although before July 24 activities began at dawn) and occasionally did 
not begin until afternoon. On some of the days, as Miiller observed in his colony, 
there was no raiding at all. This interval of frequent raidless days began about one 
week after the time of the last movement, roughly in the middle of the period. 
When raids occurred they were relatively small, without major swarm divisions 
such as those commonly observed in nomadic burchelli colonies. 

In the early afternoon of each raiding day there occurred a recognizable re- 
surgence of ants from the bivouac into the raiding system, although this afternoon 
exodus was definitely weaker than in raids preceding June 24. Also, a more or 
less extensive return to the bivouac typically was under way at dusk. After July 
13, when the raids increased noticeably in strength, the return to the bivouac fre- 
quently was observable until after midnight. 





Date 


June 18 | A cylinder hanging from 


19 





Bivouac 


brush to ground. 


A flat low cylinder be- 
neath a log. 


Long mass pouched 
against tree, one meter 
from ground. 


A long, bulbous mass sus- 
pended in vines, one 
meter from ground. 


A long cluster from brush 
to ground. 


Bulb-shaped mass 
pended between 
tressed tree roots. 


Site A: A large pouch 
against inside wall of 
hollow tree, about 8 me- 
ters up. 


sus- 
but- 


Site A: no change. 


Site A. 


Site A: cluster somewhat 


smaller 


Site A. 


| Site A. 


Site A. 


Site A: 
larger. 
Site A: 
larger. 


cluster appears 


cluster much 


Single brood: moderately 





| Further cocoon-opening. 





TABLE | 


Changes in the activity and condition of E. burchelli colony 381 between June 18 and 
August 10, 1938 (cf. 


Figure 1) 





Condition of the 
brood 


developed larvae. 


Single brood: moderately 
developed larvae. 


Single brood: moderately 
developed larvae. 


Single brood: moderately 
developed larvae. 


Single brood: moderately 
developed larvae. 


Larvae close to maturity. 
Spinning observed. 


Larval cocoon-spinning in 
full swing during day. 





Cocoon-spinning ob- 
served, but less wide- 
spread. 


Spinning less noticeable. 


Spinning of outer envel- 
opes evidently com- 
pleted. 


Enclosed brood, still spin- 
ning inside envelopes. 





Brood pupating. 


Brood pupating. 


Brood all pupated. New 
batch of eggs present. 


Brood all pupated. New 
batch of eggs present. 


Brood all pupated. New 
batch of eggs present. 


Brood all pupated. New 
batch of eggs present. 


Brood all pupated. New 
batch of eggs present. 


Enclosed broods; hatched 
eggs seen. 


A small number of 
coons opened. 


co- 


A few 
opened. 


more cocoons 


Cocoon-opening more ac- 
tive; continues at night. 





Cocoon-opening appar- 
ently increasing. 
Cocoon-opening at its 


peak 


Raiding activity 


A well-developed foray to 
the N, with swarm divi- 
sion. New push from 
bivouac in afternoon. 


A very active raid to NE 
X< N; three swarm divi- 
sions. 


A vigorous raid to NW; 
two swarm divisions. 


Very large raid to N, NE, 
with swarm divisions. 


Very active raid to N; 
swarm divided three 
times. 


Maximal raid to NW; 
swarm divided first at 
9:30 A.M. 


Moderately active raid to 
S, SW; definitely less ac- 
tive than on previous 
days. 

Moderate raid to S, SW; 
no swarm division. 


Moderate raid to S, SW; 
no swarm division. 


Less active raid to NE; 
no swarm division. 


Raid to E; small swarm, 
no division. 


Minimal raid to N, NE. 


Not raiding at 10:30 A.M., 
possibly no raiding at 
all. 

Not visited. 

Small raid to NE, N. 


Not visited. 
No raiding. 


Moderate raid to NW, W. 


Not visited. 


No raiding. 

No raiding at 10:00 A M. 
No raiding. 

Moderate raid to W. 

No raiding. 


Moderate raid to S, SW; 
no swarm division. 


Moderate raid to NW; no 
swarm division. 
Moderate raid toward 
SW; no swarm division. 
Moderate 
NE, E. 
Raiding to S, SE, notice- 
ably more vigorous. 


raid toward 


Behavior toward end 
of day 


Somewhat delayed biv- 
ouac-change, over new 
route to N, NE started 
in afternoon. 


Similar to above; move- 
ment to S, SW over 
route started in after- 
noon. 


Movement to W, NW 
over raiding trail estab- 
lished in morning. 


Movement delayed until 
evening, occurred over 
raiding route to N and 
NE, 

Moved to N in late after- 
noon over raiding route. 


Short distance to NW 
over raiding route; de- 
layed until evening. 


No movement. All raid- 
ers had returned to biv- 
ouac before 10:00 P.M. 


No movement; return 
traffic dominated prin- 
cipal trail after 2:00P.M. 
No 
still 
P.M 


No movement; nearly all 
raiders returned before 
8:00 P.M. 


No movement; general 
movement toward biv- 
ouac at 5:00 P.M. 


No movement; general 
return at 6:00 P.M. 


No movement. Not vis- 
ited in afternoon or 
evening. 


movement; raiders 
returning at 8:30 


Return to bivouac com- 
plete by 9:45 P.M. 


General return in prog- 
ress at 2:00 P.M. 


General return in prog- 
ress at 4:30 P.M. 


ceased before 
general return 
early evening. 


Raiding 
dusk; 
during 


General return completed 
before 10:00 P.M. 


General return completed 
about 11:00 P.M. 


General return observed 
at 7:00 P.M. 


General return still under 
way at 11:00 P.M. 





TABLE I—Continued 


Changes in the activity and condition of E. burchelli colony 381 between June 18 and 
August 10, 1938 (cf. Figure 1) 











Bivouac 


Site A: cluster still large. 


New bivouac, a cylinder 
hanging to ground from 
root. 


A cylinder beneath raised 
tree roots. 


Cylinder hanging from 


vines to ground. 


Two cylinders hanging 
from log to ground. 


Cylinder hanging from 
raised roots to ground. 


Bulb formed around small 
tree 2 meters from 
ground. 


A cylinder between roots, 
resting on ground. 


Clustered inside open end 
of hollow log. 


Bulb formed against tree 
one meter from ground. 


Long cluster one meter 
from ground, around 
tilted tree. 


Site B: in upper interior 
of hollow tree. 


Site B. 
Site B. 
Site B. 
Site B. 


Site 
Site 


Site 
Site 
Site 


Site 
Site B. 
Site B. 


Site B: probably occupied 
for another week. 

Observations 
discontinued. 








Condition of the 
brood 
Cocoon-opening still in 
active progress; callows 
on trail near bivouac. 


Last cocoons opened, cal- 

lows seen on raiding 
trails; brood of very 
small larvae seen. 


Callows seen farther out 
on raiding trails. 


Callows now common on 
raiding trails. 


Larvae now observed in 
act of feeding. 


Callows seen near base of 
swarm. 


Larvae now approach full 
growth; callows numer- 
ous in swarm. 


Large larvae now well dis- 
tributed through biv- 
ouac. 


Larvae nearing full ma- 
turity; a few instances 
of spinning. 


Larvae widely distributed 
through cluster. More 
spinning. 


Larvae widely engaged in 
spinning. 


Cocoon-spinning visible 

on shelf in tree interior. 
Boood subsequently in- 
accessible. 








Raiding activity 


Vigorous raid to SE, E, 
with swarm div’ aon. 


Maximal raid to NE, with 
two divisions of swarm. 


Maximal raid to S, SE; 
swarm division at 10:30 
A.M. 


Maximal raid to E; swarm 
divides twice. 


Maximal raid to E; one 
major; one minor divi- 
sion. 


Maximal raid to SE, E; 
swarm divides early; 
new push from bivouac 
in afternoon. 


Maximal raid to SW, S; 
swarm divides early, at 
9:00 A.M., twice later. 
New push in afternoon. 


Maximal raid to SE, E 
and S; first swarm divi- 
sion at 8:30 A.M.; new 
push to W begins about 
3:00 P.M. 


Vigorous raid to S; two or 
more swarm divisions. 


Maximal raid to S, SW; 
major swarm division at 
9:00 A.M., two others 
later. 


Maximal raid to S, then 
turns westward. 


Moderate raid on contin- 
uation of 7/27 route to 
Ww. 

Less active raid to NW, 
Ww 

Moderate raid to SE. 


Moderate raid to SE. 


Moderate raid to E, then 
bends to N; no swarm 
division. 

Less active raid to NW. 


No signs of raiding at 
4:00 P.M.; probably no 
raiding at all. 


Minimal raid to NE XN. 
No raiding. 
No raiding until 2:00 


P.M., then raid started 
to NW. 


Moderate raid to N, NE. 


Moderate raid to N, then 
NW. 


No sign of raiding at 2:30 
P.M.; raid started after 
3:00 P.M. to S, SE. 


Minimal raiding to SE, 
stopped by protracted 
rain at 3:00 P.M. 


Behavior toward end 
of day 
Bivouac-change move- 
ment to SE, E over raid- 
ing trail, well under way 
at 4:00 P.M. 


Movement to NE under 
way at 3:40 P.M., over 
raiding route. 


Movement to SE over 
raiding trail, under way 
at 6:00 P.M. 


Movement to E over raid- 
ing trail, under way at 
4:45 P.M. 


Movement to SE, E un- 
der way at 3:30 P.M.; 
greatly delayed by mar- 
ginal “‘traffic jam.” 





Movement to SW, S over 
raiding route of new 
afternoon push. 


Movement delayed by 
traffic jam near bivouac, 
under way at 7:00 P.M., 
over new trail of after- 
noon to W, SW. 


Movement delayed by 
first exodus to W; finally 
under way to SE XS 
at 8:00 P.M. 


Movement delayed by re- 
turn traffic; under way 
to S at 6:30 P.M. 


Movement delayed by 
traffic jam at outer junc- 
tion; under way to S, 
SW at 6:00 P.M. Biv- 
ouac forming at 7:00 
P.M. 


Movement over raiding 
trail to S, then W; de- 
layed by traffic difficul- 
ties. 


No movement; general re- 
turn after raiding ceased 
at dusk. 

No movement. 


No movement. 


No movement. 


No movement. 


No movement, 


No movement. 
No movement. 


No movement. 


No movement; general 
return in progress at 
6:00 P.M. 


No movement. 





General return slowly un- 
der way after 6:00 P.M. 
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The colony remained at site A in the hollow tree from June 24 to July 17, an 
interval of 23 days. During this interval 15 daytime forays were observed. Each 
of these raids, as may be seen in Figure 1, kept roughly to a given general direc- 
tion, a characteristic of burchelli raids previously discussed (1940). 


When we measure the angle of divergence between the main line of each raid and that of 
the following raid (excepting the three instances when the colony was not visited), the values 
with one exception are found to lie between 30° and 160°.5 Thus, although there was no par- 
ticular order in the directions of successive raids, evidently there were factors opposing two 
raids in close succession into the same terrain. It is apparent from the figure that the raids 
were scattered fairly well in all directions around the bivouac. Such is not always the case, 
especially when vegetation and terrain present differences around the bivouac which may affect 
distribution of prey or differently canalize the first spreading of the ants in the morning. Not 
all instances support, as well as did this one, Miiller’s impression that the environment is 
probed in a thorough manner. 

However, it must not be thought that even during a stop of 23 days at site A the raids 
of this colony even came close to depleting the supply of prey in the surrounding area. The 
record shows that large sectors, and even certain zones fairly close to the bivouac, were covered 
incompletely or not visited at all. Moreover, areas cleared of prey may be speedily repopulated. 
Three days after colony 381 had moved from this site, another burchelli colony staged a vigor 
ous raid fairly close to the bivouac tree on the west, with evident signs of a large haul of booty. 


Period 3 (nomadic): On July 18 there occurred a foray which clearly sur- 
passed in vigor and numbers of participants any raid since June 24, and which 
ended in a bivouac-change movement along the principal raiding trail. The exodus 
led to a marginal site established in the evening, more than 100 meters from the 
long-tenanted one in the hollow tree. Thereafter the bivouac site was changed 
daily, as described for period one above. All clusters were formed in exposed 


places. 


A difference worth mentioning is that whereas the bases of all of the first five bivouacs 
touched the ground, three of the last five clusters were in somewhat elevated positions. On 
July 17 in the evening the ants began a cylinder on the ground between tree roots, only to desert 
this for an elevated position early in the night. All raids of this period were vigorous or 
“maximal” ones, in which activities began promptly at dawn and one or more swarm divisions 
were the rule. Since the ants seldom worked back through the approach-area of the preceding 
day for more than two or three hours in the early morning, the major new raiding push always 
developed into unworked terrain in some other direction. 


This interval of maximal raiding and daily bivouac-change ended on July 27, 
after eleven days on the march. 

Period 4 (statary): A vigorous raid on July 27 terminated in a delayed 
night movement, relatively short in comparison with preceding movements, which 
took the colony to a clustering place high (evidently 15 meters or more aloft) in 
the upper interior of a huge lightning-cleft tree. Unfortunately the cluster lay out 
of sight in the dark upper interior of the tree, where it could not be illuminated or 
reached in any feasible way. 

During the last three days of the study measures of desperation such as dust 
shot were used in attempts to puncture the bivouac and obtain samples of the 


5 The exception was the raid of July 18, which started from the bivouac on the trunkline 
developed on the previous day and used about 60 meters of that route; however the extension 
of this raid after mid-morning diverged about 35° from the main direction of July 17. In- 
cidentally, the resumed use of a previous principal trail by a statary colony is not infrequent in 
E. hamatum, although it is relatively rare in burchelli. 
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brood, without success. When raids occurred, the ants reached the ground as a 
rule in one or more broad columns on the outside of the tree, traceable from the 
ground to a height of nearly 20 meters before visibility became uncertain. 

Although at first the raids occurred daily and were moderately developed, after 
five days there were intermittent days without any sign of raiding, or with limited 
afternoon forays. From the first day at site B morning activities began slowly 
and sluggishly ; later on some of the raidless days the ants swarmed down before 
mid-morning only to withdraw without having begun a foray on the ground. (It 
is of course possible that unobserved foraging occurred in the upper section of the 
bivouac tree.) When raids occurred, a general return to the bivouac uniformly 
began as a persistent movement during the afternoon and was always well under 
way by dusk. With the exception of ants in procession evacuating the raiding 
system of the day, no activity of the colony was observed outside the bivouac-tree 
at night. 

When the study had to be discontinued the colony had been at site B for 13 
days. (Very probably it remained several days longer.) During this time it 
staged eleven raids, only three of them within the southeast and southwest quad- 
rants. 


At this site, as may be seen in Figure 1, the raids were much more concentrated within 
given sectors than within others. Numerous factors were evidently involved. Downhill at a 
distance on the south lay a stream nearly impassable to the burchelli, also in beginning a raid 
the burchelli masses frequently were deflected from that side by the narrow columns of a 
hamatum colony at the time in statary bivouac near the stream. Uphill toward the north, 
along a 30° slope, the going in general was easier; then too, the burchelli columns generally 
reached the ground on that side of the bivouac tree. 


The successive raids were well differentiated in direction, with the smallest 
angle of difference between the lines of successive raids 50°, the largest 165°. 
Except for an occasional overlapping close to the bivouac, no two successive raids 
followed the same route, a result not attributable to chance. 

Condition of successive broods in colony 381: When it came under observation 
colony 38] had a single brood (estimated in the tens of thousands) in the advanced 
larval condition. A thorough examination of the bivouac on June 20 (four days 
before the colony stopped moving) disclosed no other broods. In the bivouac the 
larvae were distributed widely throughout the mass; many were heaped in interior 
pockets, and large numbers were held individually by ants in the outer wall of the 
cluster. During bivouac-change movements the larvae were carried individually, 
gripped anteriorly in the carrier’s mandibles and slung underneath her body in the 
typical Eciton manner. In general, larvae were transported in the latter half of 
the movement. 

Although the beginning of cocoons by mature larvae in this brood was first 
observed on June 23, it may have begun shortly before that time, since three of 40 
larvae taken to the laboratory were seen in the act of spinning on June 22. On 
June 24, when the colony began its long-term residence in the hollow tree at site A, 
spinning was in progress as a general activity. Larvae were then spread about 
over the detritus flooring the tree hollow, with a constant interpassage of larva- 
carrying adults between the cluster above and this spinning area below, as described 
for burchelli by Beebe (1919). The process of forming the outer envelopes ap- 
peared to have been finished before June 27, since all larvae that fell to the ground 
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when the bivouac was punctured were enclosed, and all of the laboratory lot of 
larvae were covered by that time. This does not mean that the larvae had become 
immobile. Movements of enclosed larvae within their tissue envelopes were ob- 
served up to June 28, indicating further spinning through which cocoon walls were 
thickened. It can be said that colony 381 entered the statary condition rather 
abruptly on the day when the major part of its larval brood became enclosed. 

This brood pupated and passed through its pupal stage while the colony was 
stationed at site 4d. The removal of callows from cocoons (by workers) began on 
July 11 and continued on following days, although at first the activity was limited, 
judging by the fact that only a few dozen empty cases fell from the bivouac on any 
one day before July 14. Gradually thereafter the removal of callows continued at 
a sharply increasing rate, indicated not only by a considerable increase in the num- 
ber of empty cases on the ground and interior wall of the tree below the cluster, 
but also by a great increase in cocoon-opening visible at the surface of the bivouac. 
This activity appeared to reach its peak on the night of July 16 and during the day 
on July 17. On July 17 the colony staged a great raid and moved from the site 
at the day’s end. The bivouac-change column that night was thronged with callow 
workers. Cocoon-opening evidently was nearly completed before the move, since 
it was estimated that only a few hundred cocoons were carried to the new site, 
where the last callows were removed on July 18. 

Thus the time when nomadic activity was resumed by this colony coincided 
exactly with the appearance of a mature brood as newly delivered callows. At 
first these young workers remained at the bivouac except during bivouac-change 
movements ; however during the first week after leaving site A they were observed 
at points in the raiding system successively farther from the bivouac, and on the 
sixth day (July 23) they were numerous in the raiding swarm. At that time pig- 
mentation had increased so that they had nearly the color and dusky appearance of 
adult workers. 

A further brood in the early larval stage was found on July 18, when the first 
nomadic bivouac was examined. In a sample of 82 larvae taken on the evening of 
July 24, body lengths ranged between 2.4 and 6.3 mm. At that time, therefore, 
this larval brood was well advanced in growth. Since the colony had only a brood 
of mature larvae when it came to site 4, this new brood must have hatched from 
eggs laid during the stay in the hollow tree. The queen, observed in the latter 
section of the July 19 bivouac-change column, was fully contracted. Her condi- 
tion evidently did not change during this period of daily movement, since no eggs 
were found in periodic examinations of the bivouac and the queen was still fully 
contracted when seen on the night of July 26. 

The new brood, in the early larval condition when the new nomadic period 
began, advanced through its larval development during the following days of col- 
ony movement. On July 25 scattered instances of spinning were observed, and 
on July 27, with the colony clustered around a small inclined tree well away from 
the ground, spinning activity was well under way. All circumstances indicated 
that when the colony settled next day within the hollow tree at site B, the bulk of 


® This may be compared with a sample of 700 larvae taken from another burchelli colony 
on the first day of a nomadic phase, when body lengths ranged between 0.32 and 1.9 mm. (skewed 
as usual toward the smaller sizes). 
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its mature larval population was engaged in spinning or already provided with an 
outer envelope. 

A parallelism between colony behavior and brood condition during the 53 
days of this study is clearly indicated in the findings. In particular, it will be 
noticed that the behavior of the colony and the status of its brood were in sub- 
stantially the same relationship at the end of the second nomadic period (i.e., on 
July 27) that they held at the close of the first period (i.e., on June 23). In both 
cases the colony ceased maximal raiding and bivouacked in a secluded place when 
its mature larval brood had reached the peak of its relatively brief spinning episode. 
If the study could have continued about one week after August 10, without much 
doubt the second statary period (i.e., at site B) would have been observed to end 
as did the first one, with the emergence of a mature brood as callow workers. 

It is regrettable that the time when the new batch of eggs was laid could not be 
ascertained during either statary period. Circumstantially we know that eggs were 
laid at some time during the stay at site A, and unless the statary period at site B 
was very exceptional, we may surmise that the same event occurred there. Direct 
facts concerning the oviposition were not obtained in either case, since at site A 
the colony was beyond close examination and at B was entirely out of reach. For- 
tunately, observations on other burchelli colonies over shorter periods of time are 
available which indicate that in the rainy season a batch of eggs is laid early in 
each statary period, and which fully corroborate the description of a brood-colony 
behavior parallelism given above. 

Observations paralleling the study of colony 38I: On July 18, when colony 381 
was beginning an interval of nomadic activity, a burchelli colony was discovered in 
the southwest section of the Island, sequestered in the crown of a tall palm tree. 
Although the bivouac cluster itself was never seen, its position was approximated 
by noting where columns emerged to descend the trunk in the raids of succeeding 
days. This colony remained on record until August 6. During these 18 days 
ten raids were observed, probing successively in various directions, all of these 
raids relatively small and slow to begin in the morning. In the nine days after 
July 20 there were four days when no raiding occurred, although forays were staged 
on each of the last six days of the colony’s stay in the palm tree. The colony 
moved to a new site on the evening of August 6, and a further move was observed 
on the following evening. Thousands of callow workers crowded the columns, most 
of them very recently emerged as indicated by their limitations of movement and 
pale pigmentation. Unopened cocoons were transported in the column; however 
their limited number in comparison with the hordes of callows indicated that the 
great majority of the mature brood had been removed before the march began. In 
addition, a very young larval brood was present, carried in several small packets by 
ants in the column. (In a sample of 50 larvae, the body lengths ranged from 0.3 
to 1.8 mm.) 

These circumstances suggest that the bivouac-change movement marked the 
end of a statary period of 18 + days in the palm tree, during which a pupal brood 
matured and a further brood passed through its early larval development. In ad- 
dition to the typical occurrence of raidless days, it should be noted that raids oc- 
curred on all of the last six days at the site. A fact of interest is that this colony 
remained in place throughout the 11-day nomadic interval of colony 381, and took 
to the march six days after 381 had stopped at site B. 
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A different periodicity was involved in another colony for which the onset of 
the statary period was observed. On July 24 (i.e., just four days before colony 
38I reached site B) this colony was engaged in a large raid about one-fourth mile 
east of the laboratory clearing. That night it moved about 120 meters to a new 
bivouac site, and on the following day a large raid gave rise to a move (a short 
one) to a new site south of the clearing. This time the colony clustered about 
four meters from the ground, within an exposed hollow in the trunk of a large 
tree. On the evening of July 25 and on the following day extensive spinning ac- 
tivity was observed, with heavy columns of workers carrying larvae between the 
bivouac cluster and a debris-strewn place in the cavity near the ground. Here 
larvae were spread around in the wood-dust and were constantly being shifted in 
position by workers (cf. Beebe, 1919). On the morning of July 27 a general re- 
duction of activities in and near the bivouac indicated that the major episode of 
spinning had terminated. The bivouac then assumed a regular pouch-like form 
which was changed only in minor ways during the following two weeks. 

The colony was still bivouacked at this site on August 10, after it had passed 
17 days there in the statary condition. During the first week of the stay, there 
were daily raids of only moderate vigor. Later, in the last ten days of the obser- 
vation, forays became less active and less frequent than before,—three raidless days 
were noted, and very probably there were others. Because of the position of the 
cluster its contents could not be examined closely, hence the appearance of a pos- 
sible new brood could not be ascertained. 

It will be noted that this colony began its statary period just two days before 
colony 381 stopped at site B, and that both colonies remained in place when the 
investigation stopped. The externally observable circumstances were much the 
same in the two cases, especially the concurrence of the final halt with principal 
enclosure of the mature larval brood and with a marked reduction of raiding from 
the nomadic level. Numerous studies of shorter duration with other colonies 
fully confirm these observations. 

One important fact should be added here. Among the colonies for which the 
beginning of the statary period was recorded, in three instances the bivouacs were 
accessible to direct examination of their contents. From the study of these colon- 
ies during the first two weeks of the interval it can be said that a new batch of 
eggs appears at some time between the sixth and the fourteenth day. Consider- 
ing the fact that broods of very young larvae at closely comparable stages of de- 
velopment are found in the colonies just beginning a nomadic period, the above 
observations may be taken to indicate approximately the typical starting time of 
the new brood in burchelli. 

An experimentally modified burchelli routine: On June 17, 1933, a burchelli 
colony was discovered (on Donato Hill) in a pouch bivouac suspended from crossed 
vines against the side of a large tree, mainly within a deep recess between buttressed 
roots and behind large vine stems, about three meters from the ground. The col- 
ony remained in this situation until June 26, despite being disturbed on three sepa- 
rate occasions when the bivouac was opened for examination of its contents. At 
best the raids were only moderately developed, without a major swarm division. 
During the first five days of the study there were two raidless days, and on another 
day the foray began in the afternoon. Then in the next five days, just preceding a 
change to nomadism, daily raids occurred. 
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When the study opened, the colony possessed a fairly advanced pupal brood, 
entirely enclosed, and some large packets of eggs were also present. On June 21 
and 22 there were indications of cocoon opening; on the afternoon of June 24 
removal of callows was actively in progress, and on June 25 when a vigorous raid 
occurred the removal of callows seemed to reach its peak. That night the colony 
moved, leaving a litter of pupa cases on the ground below the vacated bivouac site. 

However, the colony left the site with only a fraction of its callow brood. On 
June 23, using ether, I collected an estimated three-fourths of the advanced brood, 
mainly advanced pupae still enclosed, with a minority of free callows, together with 
a small part of the larval brood. A subsequent census of the material gives a total 
of 31,298 individuals in cocoons, all far advanced in pupation.’ 


To find whether there were any polymorphic differences in developmental point attained 
the cocoons were sorted according to size and then were separated into two groups: one, well 
pigmented and two, little pigmentation. (Pigmentation here may be taken as a rough indication 
of nearly complete maturity.) It was found that only 2 per cent of the smallest individuals 
(median length, 5.0 mm.) had much pigmentation, whereas 50 per cent of the next larger group 
(6.5 mm.), 89 per cent of the next larger (7.5 mm.) and virtually all individuals in the largest 
sizes (median lengths, 9.0 and 10.2 mm.) were well pigmented. This shows that the greatest 
number of pupae furthest advanced in development tends to be in the larger polymorphic 
categories. 

In these facts, together with our observation that ordinarily only well-pigmented individuals 
(i.e., those capable of movement) are removed from their cases by adult workers, we find in 
these facts confirmation of Miiller’s impression that workers major and the larger sizes in 
general tend to emerge as callows in advance on the smaller individuals. Our observations on 
the responses of adult workers to the nearly mature brood (1934) show why the larger individ- 
uals, those more advanced in development, are the ones to be removed first from their cocoons. 
After June 23 it was observed that antennal and leg reflexes were common among the best 
pigmented individuals, and many of these callows survived when artificially removed from their 
cocoons. Direct observations in the laboratory yielded further evidence that the opening of 
cocoons by workers depends to a great extent on the responses of adults to the movements of 
mature pupae within the cocoons, a fact previously reported for E. hamatum (Schneirla, 1934). 


In the following days the behavior of this colony was exceptional, in that it 
seemed definitely sluggish and reduced in comparison with an ordinary colony in 
the interval following the appearance of a callow brood. Throughout the week 
following the first bivouac-change movement, although daily raids occurred these 
were inferior in vigor and numbers to maximal burchelli forays, and frequently a 
daily raid was not followed by a change of bivouac. 

On the second nomadic day (June 26) the colony moved, but covered a rela- 
tively short distance of 40 meters; on the third day (June 27) there was no colony 
movement, and although the bivouac was changed on the evening of June 28 this 
too was over a relatively short distance of 25 meters. On June 29 (when callows 
were first observed in the swarm), a raid to the west ended in a general return to 
the bivouac of the day, a cylinder extending to the ground from matted vines. 
Similarly on June 30 a raid toward the northeast was only moderately developed, 
and at 4:00 P.M. a general return to the same bivouac was well under way. On 
July 1 a raid to the southeast ended in a short bivouac change of about 30 meters. 
However, the move on the evening of July 2 took the ants about 70 meters to the 
southeast, and that of July 3 eastward about 60 meters where they clustered within 


7 The results of the census were obtained mainly through the capable assistance of Mr. 
Frank Trainor, whose services were made available through the Gibson Committee and W.P.A. 
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TABLE II 


Summary of principal changes in the condition and behavior of an E. burchelli 
colony on record from June 17 to July 25, 1933 


General nature 
of raiding 


In general, minimal, 
with no forays on cer- 
tain of the days; in- 
creasing activity near 
end of the period. 


Only moderately ac- 
tive at first; maximal 
raids in latter part of 
period. 


Largely minimal; on 
certain days no raid- 
ing at all, on others 
slow start or begin- 
ning in afternoon. 





Occurrence of 
colony movement 


No bivouac-changes. 
Returned to same 
clustering place at 
end of each day's 
raiding 


Sluggish during first 
days, short moves or 
failure to move; daily 
and longer move- 
ments later. 


No colony move- 
ment. 


Condition of 
brood 


Enclosed pupal brood, 
emerged from cocoons 
at end of period; 
three-fourths of this 
removed. New brood 
of eggs and young 
larvae found 6/18. 
Reduced callow brood 
emerged at start of 
period; larval brood 
passed through prin- 
cipal growth during 
the period. 


Mature larval brood 
enclosed at beginning 
of period, passed 
through pupation. 
New brood (eggs, 
newly hatched larvae) 





seen on 7/23. 


a hollow log. (Examination of the bivouac on the two preceding days disclosed 
that the larval brood was now moderately grown and fairly well distributed through 
the cluster.) The raid of July 4 toward the east was quite vigorous, with a major 
swarm division, and in the afternoon there was a new push from the bivouac toward 
the south; however, no bivouac-change occurred. On July 5 the raid was vigor- 
ous, and that evening the colony moved along this route to a new bivouac site in the 
distance. 

In succeeding days the increased status of activity continued even more markedly 
than before. July 6 found the colony raiding vigorously to the southwest, with a 
swarm division in mid-morning and a new foray toward the southwest which de- 
veloped after 3:00 P.M. The colony moved that evening over the latter route, to 
form an elevated bivouac hanging in a mass of vines about 130 meters from the 
previous site. When the cluster was broken open the larval brood was found to 
be far advanced in development, with some of the largest individuals already en- 
closed. On July 7 there was a vigorous raid southward, and in the evening a 
movement occurred to a site about 75 meters distant, where a pouch bivouac was 
formed against the side of a large tree six meters from the ground. On the fol- 
lowing day, July 8, the raid was unusually well developed. At the bivouac site 
cocoon-spinning was the prevalent activity, with columns of larva-carrying workers 
much in evidence between the bivouac and a bark-strewn area between tree roots. 
That evening the colony moved only about 40 meters, to form a pouchlike cluster 
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suspended from a mass of vines seven meters from the ground around a small tree. 
Since an inspection of the brood during the movement revealed that most of the 
mature larvae already were enclosed, the beginning of a new statary period ap- 
peared to be at hand. 

Upon my return to the Island on July 13 from work in another locality, this 
colony was found as expected, bivouacked in the same place and in nearly the same 
form in which it had been left on July 8. The records of succeeding days concern- 
ing raiding may be briefly summarized as follows: 7/13, a moderately developed 
raid to the south; 7/14, a moderate raid to the northeast; 7/15, a slowly developed 
raid to the northwest; 7/16, no raiding; 7/17, a raid to the west, not under way 
until after 10:30 A.M.; 7/18, a limited raid to the northwest; 7/19, a rather feeble 
raid to the north, started in the afternoon; 7/20, no raid; 7/21, a relatively small 
raid toward the north; 7/22, a moderately developed raid to the southeast; 7/23, 
no raid; 7/24, a moderate raid toward the southeast ; 7/25, a moderately developed 
raid to the south. 

When the cluster was opened with a pole on July 23, samples of the brood 
which fell to the ground were found well advanced in pupation. In addition there 
were specimens of a new brood, packets containing eggs as well as some newly 
hatched larvae. On July 25, when my stay at the Island closed, the colony was 
still bivouacked at the site first occupied on July 8. 

During an observation period of 39 days this colony evidently passed through 
two different statary periods separated by an interval of (modified) nomadic ac- 
tivity. The ten statary days at the outset were regular (i.e., in the usual pattern), 
with reduced raids in various directions from the site, but without raids on occa- 
sional days. Also typical was the presence of an enclosed pupal brood (the ap- 
pearance of which as callows marked the end of the period) and a new brood of 
eggs and young larvae. However, on June 23 the major portion of the pupal 
brood was removed, so that the complement of callows delivered into the colony at 
the end of the period was only a small part of the number ordinarily appearing. 

In the following 12 days the behavior of this colony resembled the pattern al- 
ready described as nomadic, although at first there were marked differences from 
the typical course of events. The first raids of the period were relatively small, 
throughout the first week the bivouac-change movements were shorter than usual 
and sluggish in their development, and on certain of the days no movement oc- 
curred. However in the latter part of the period raiding increased in vigor, and 
during the last five days bivouac-change became a nightly event. Two facts con- 
cerning the brood are notable: in the early part of the period a greatly reduced 
callow brood was present; and in the latter part of the period a nearly complete 
larval brood was approaching maturity. The first condition, as suggested above, 
appears to have been involved in the alteration of initial nomadic events in colony 
behavior ; the latter condition in the appearance of typical nomadic activity during 
the latter part of the period. 

That the relatively brief departure of this colony from the typical burchelli pat- 
tern depended upon special and temporary conditions is also shown by circumstances 
in the statary period last observed. The beginning of statary behavior came, as 
usual, when the largest part of a mature larval brood became enclosed. It may be 
surmised that upon the eventual appearance of this substantially unreduced brood 
as callows, the colony was able to enter a fully vigorous nomadic status. 
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No great importance attaches to the fact that the two statary bivouacs of this colony were 
established in exposed places rather than within secluded places such as hollow logs or trees 
as is typical of burchelli (and hamatum) colonies. In the northeastern section of the Island 
where the colony operated at the time, the forest is largely second growth in which hollow 
standing trees or logs are few and well scattered. In the southern and western sections where 
the timber is heavier, hollow trees and logs are relatively frequent in occurrence, and accordingly 
statary bivouacs established there by burchelli colonies are rarely exposed. 


Evidence for a reduced colony excitement in the statary period: The difference 
in burchelli raiding during statary and during nomadic times is, on the whole, very 
striking. Typically, as already described (Schneirla, 1944a), in the nomadic 
period raiding begins at dawn, a directionalized swarm is set up relatively early, and 
the extensive development of the foray is indicated both by the great size of the 
initial swarm and by the later formation of sub-swarms. In contrast, in the sta- 
tary period morning activities begin sluggishly, directionalized mass activity usually 
develops slowly, and the swarms are relatively small and seldom reach the point 
of even a minor division. A comparable difference has been reported for E. 
hamatum (Schneirla, 1938), in which, because of the nature of raiding, the con- 
trast is more strikingly apparent than in burchelli. 

However, one nomad-statary difference stands out more prominently in bur- 
chelli than in hamatum; namely, a marked reduction of activity outside the bivouac 
during the middle of the statary period. In four of our longer burchelli records 
which cover the first two weeks or more of this period, in each instance raiding 
occurred on every one of the first six days. Then, as in the first and second statary 
stops of our 381 colony (Table I) and as in Miuller’s colony, occasional raidless 
days began to appear. With only minor variations in different instances, in gen- 
eral it can be said that the interval from the seventh to the sixteenth days (roughly ) 
of the statary period is a time of distinctly lowered colony excitement. Frequently 
then the Ecitons spread out in the morning around the bivouac itself, but in in- 
sufficient numbers to form a directionalized swarm, or a raid may not get under 
way until afternoon. Thereafter, in the terminal days of the statary period, daily 
raids appear to be the rule. 

Through the described interval of reduced external activity, there are reduc- 
tions in certain internal conditions of the burchelli colony. When a colony enters 
the statary period its mature larval brood, although enclosed, has not completed its 
spinning, and the termination of this activity involves an observable stirring of the 
spinners within their cases during the first few statary days. Although this lim- 
ited activity of the brood apparently does not affect the workers nearly as much as 
does the activity of free larvae, laboratory observations suggest that it is a stimu- 
lative factor to be reckoned with. During the first few statary days there is a 
shifting about of cocoons and a stirring of workers holding cocoons which is not 
observed later, when the cases containing the quiescent pupal brood are held in 
place by relatively immobile workers over considerable intervals of time. It ap- 
pears that the reduction of predatory activities typically observed in the inter- 
mediate portion of the statary period is due mainly to the virtual disappearance of 
special stimulation from the brood once it has completed spinning and has pupated. 

In the light of the above suggestion, it is significant that raidless days disap- 
pear and the forays increase somewhat in vigor during the last statary week, the 
time during which slight movements of the mature post-pupae are observed and 
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when increasing numbers of emerged callows are mixing with workers. That 
stimulation from the brood becomes a factor of importance is suggested in particu- 
lar by: an observably greater response of workers to cocoons containing motile 
individuals than to cocoons containing quiescent brood; a greater activity in ex- 
perimental groups of workers to which numerous callows have been added than in 
groups to which equivalent numbers of adult workers are added; and the fact that 
the first nomadic movement of a colony takes place on the very day the major part 
of its callows appear. 

Function of the burchelli queen: For the extensive study of the Eciton queen I 
have concentrated upon hamatum, especially because its colonies generally are 
more accessible to study and their capture less arduous than those of burchelli. 
What evidence is available on the queen of the latter species indicates that her 
properties are similar to those already described for hamatum (1944b). 

Numerous observations on the condition of broods at different phases of col- 
ony activity, involving many colonies, indicate that the burchelli queen must lay < 
given enormous batch of eggs (30,000 +) within a relatively short time, repeating 
the process at well separated intervals during the rainy season. Each batch of 
eggs is laid during a statary period, probably within a time of five or six days near 
the end of the first third of this period. This is evidenced indirectly by the fact 
that in all colonies accessible to examination at the time no young have been found 
in the first six days except an enclosed pupating brood; whereas roughly on the 
tenth day one begins to find packets of eggs and, later in the period, newly hatched 
larvae as well. Since under the conditions of this study (i.e., rainy season) the 
queen of each colony apparently delivers without fail a new batch of eggs early in 
each statary period, the interval between reproductive episodes must be close to 
34 days, i.e., from the early part of one statary period to the corresponding part 
of the next statary period. 

At other times within the statary period excepting the relatively brief physo- 
gastric interval, and throughout the nomadic period, the queen evidently remains 
contracted. Burchelli queens observed on several occasions at various times in 
the nomadic period always have been contracted, and attendant circumstances in 
each instance indicate that some time has elapsed since the queen was last gravid. 
For example, a single queen was taken on July 22, 1933, from a burchelli colony 
judged to be nomadic from its highly developed raids and from the fact that daily 
bivouac changes occurred during the three days preceding and the three days fol- 
lowing the capture. This queen was fully contracted at the time of capture. The 
presence of a huge brood of small larvae, all hatched, served to indicate that the 
colony had emerged only within recent days from a statary period, a conclusion 
further supported by the presence of many incompletely pigmented callow workers. 

Our findings thus oppose the impression of Bruch (1934) and other writers 
that the contracted Eciton queen is a young individual, still non-functional. The 
regular spacing of broods which is the rule suggests that a single queen, functional 
at well separated intervals, is the reproductive agent of each colony. Captures of 
burchelli and other Eciton queens favor the same conclusion. In the capture men- 
tioned above, only one queen was found, with two broods distinctly different stages 
of development. The two colonies of E. burchelli urichi and E. burchelli jeanae 
which Weber (1941) examined in Trinidad similarly contained but one queen 
each, in the contracted condition, as did colonies of seven other Eciton s.str. species 
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from which queens were captured in various parts of tropical America (Bruch, 
1934). In this terrestrial Eciton subgenus a physogastric queen has been taken 
in only one instance, from an E. hamatum colony just ending the first week of a 
statary period (Schneirla, 1944). From the fact that in the same study 14 queens, 
all contracted, were taken from as many colonies of that species at various other 
times in the cycle, the brevity of the queen’s delivery interval may be appreciated 
in contrast to the length of the intermittent resting interval. 


An apparent exception was the burchelli colony in Kartabo, British Guiana, from which 
Wheeler and Emerson (Wheeler, 1921) removed two queens on July 21, 1920. Wheeler judged 
that both individuals were recently emerged young queens, because of their brilliant coloration 
as well as that “their ovaries were undeveloped as shown by the relatively small size of the 
gaster.” Although neither of these reasons is very dependable, particularly the latter, the con- 
clusion is made reasonable by the fact that large numbers of enclosed mature male pupae were 
found in the same colony. If these were both new queens, the possibility remains that the “old 
queen” of the colony may have escaped unnoticed in the general confusion. Strong and agile, 
these individuals are difficult to detect and capture unless an anesthetic agent is used. Further- 
more, since these captures were made near the end of a rather irregular British Guiana rainy 
season, the circumstances do not seem comparable to those of our study. In the regular Panama 
rainy season the broods of burchelli colonies are very large, contain worker forms exclusively, 
and appear at regular intervals as do those hamatum (Schneirla, 1944), indicating the function- 
ing of a single queen in each colony. 


SUMMARY AND DISCUSSION 


Our evidence indicates that the theoretical conception of an Eciton nomad- 
statary cycle previously established for E. hamatum also holds for burchelli despite 


marked differences in the behavior pattern of the two species. 

Certain differences are apparent in the timing of the cycle in these two terres- 
trial Eciton species. In E. hamatum we have found (1938) that the phases are 
nearly equal in length, the nomadic interval about 16 to 18 days and the statary 
interval about 18 to 20 days. In burchelli the nomadic phase appears to be much 
shorter, approximately 11 to 13 days, and the statary phase considerably longer 
(21 to 24 days) than in hamatum. The clarification of this species difference in 
the cycle demands further evidence. 

Probably more important is the fact that the total length of the behavior cycle 
appears to be nearly the same in the two investigated species, approximately 35 
days from the beginning of one nomadic phase to the beginning of the next one. 
Since our evidence indicates that the initiation of each new nomadic phase depends 
upon influences set into effect with the emergence of a new callow brood, this 
species similarity in the total cycle length would appear to depend upon an equiva- 
lence in the spacing and in the developmental period of the brood in the two species. 

The existence of various combinations of regularly concurrent events in the 
life of burchelli, noted in part by Miller in his study of a single colony in Brazil, 
is well established by our results. Significant parallels regularly observed in col- 
ony behavior and in the intra-colony situation are the following: One, during ap- 
proximately one week before a colony breaks out of the statary phase, callows in 
increasing numbers are removed from their cocoons, and on the day of the first 
nomadic movement it is noted that the bulk of the mature brood has emerged. 
Two, when nomadism begins a new brood is present, then at an early stage of 
larval development. Three, as this brood passes through its larval period the 
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colony remains nomadic and becomes increasingly active, but four, when the larvae 
reach a point of sufficient maturity to permit spinning, the colony stops in place and 
its raiding activity falls off in vigor on the day the greatest part of the brood be- 
comes enclosed. Five, in the statary phase, once the brood has completed its 
spinning and is pupating the colony falls to its lowest point in raiding activity, and 
sluggish raiding prevails until pupae have matured sufficiently to begin stirring 
within their cocoons. 

In many burchelli colonies studied for periods of two days or longer in the 
Panama rainy season these parallel events in colony behavior and in brood condi- 
tion have appeared invariably. Without much question a causal relationship is 
involved. 

How do our findings compare with Miiller’s? His results fall smoothly into 
our concept of a cycle of events, when we regard the first three days of his record 
as the end of a nomadic phase and the ensuing days as statary. However, our in- 
terpretations differ, particularly it seems, because Miiller’s facts were incomplete. 
At the start he was insufficiently impressed by the concurrence of brood enclosure 
and cessation of colony movement, hence later when the colony remained immobile 
despite repeated attempts to stir it up, he was led to explain the intertia in terms 
of a presumed difficulty of moving a queen. Now as an explanation of Eciton 
colony movement or its absence the queen-transport hypothesis seems quite barren 
(Schneirla, 1938; 1944b). In a colony movement, the queen generally appears 
at a time too late to influence the issue of bivouac-change ; moreover, she evidently 
becomes physogastric after the colony has become statary, and returns to the con- 
tracted condition long before the colony resumes its nightly marches. Actually, 
colony mobility seems to depend upon condition of the brood, a matter which Miller 
restricted to variations in raiding. 

Miiller’s hypothesis for differences in raiding was essentially teleological. Hav- 
ing noted a decline in raiding when the brood became enclosed and in pupation, 
he thought “nothing seems more natural than that the food need of the colony is 
reduced and the ants go out correspondingly less for booty after the larvae are en- 
closed” (p. 87). Had the study continued to the point of resumed nomadic ac- 
tivity, the concurrent appearance of hordes of voracious callows might well have 
appeared to furnish additional support for this view. However, a closer examina- 
tion of this telic food-need hypothesis shows that it merely calls attention to an 
existing combination of circumstances (i.e., the greatest raiding and greatest mo- 
bility of a colony occurring when the brood is active and is feeding), without ex- 
plaining how these circumstances happen to arise consistently together. It is quite 
apparent that the pattern of events is one of great adaptive value; with that granted, 
we contend that the essential causes of the combination lie in the evolutionary 
background of the species. There food-scarcity factors may well have been in- 
volved ; however, we find no indication that they are required to make the adaptive 
pattern effective in the current situation. 

For example, a burchelli colony with a maturing larval brood becomes statary 
(i.e., stops moving ; reduces its raiding) on and after the day when this brood has 
spun its filmy outer envelopes. The total food requirement of the colony must 
fall considerably with this subtraction of brood feeding, but it is difficult to see how 
that fact in itself can account for the altered activity pattern of the adult workers. 
Teleology here tends to obscure and distract attention from the actual causal fac- 
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tors in the given situation. If it is considered too disingenuous to ask how crea- 
tures as psychologically limited as are Eciton workers can estimate colony food 
needs and act accordingly; at least we may inquire how a food-need hypothesis 
can account for changes in colony raiding during the statary period, when the ad- 
vanced brood is safely enclosed and the new brood (once it appears as eggs) is not 
feeding. 

The facts require a naturalistic, non-teleological explanation. A theory of this 
nature which seems to fit the situation has been derived from previous work with 
E. hamatum (Schneirla, 1938). Essentially based upon Wheeler’s (1928) tro- 
phallaxis concept, this theory accounts for changes in the overt behavior of an 
Eciton colony in terms of periodic changes in the total effect of interindividual 
stimulation developed within the aggregation. The trophallactic conception takes 
account of the many ways in which workers may be stimulated tactually and 
chemically by the brood, in handling or carrying about the young, in licking or 
feeding them, in passing among the brood or in meeting workers that have been 
aroused by brood relations such as these, and the like. According to this view, the 
presence of a brood influences adult behavior to the extent that the young, through 
their activity and effulgence of chemical stimulation, may increase the activity of 
workers (with consequent summation effects among the latter), so that activities 
outside the bivouac are increased correspondingly. Thus the critical factor is the 
amount of incidental stimulation furnished by a brood, whether or not it is con- 
suming food at the time. 

Only on this basis can we account for changes in colony behavior in the absence 
of brood feeding. In particular, during the statary phase raiding falls to a low 
point after the first week and remains there until the last week, although brood 
feeding seems absent throughout. It is probable that these changes in colony be- 
havior depend mainly upon differences in tactual stimulation from the brood. At 
the beginning of the period the brood drops greatly as an excitatory factor when 
the larvae are first covered with silk, however a partial stimulative effect is fur- 
nished by the spinning activities until the cocoons are finished. Thus daily raids 
occur although the brood has ceased to feed and the colony does not stand in need 
of food on its account. These raids are inferior to nomadic raids, since larvae 
stimulate workers more when they move freely and present an open chemostimu- 
lative cuticular surface than when their movements are reduced and only the dry, 
silky envelope surface is presented. Later in the period when the brood is finished 
with spinning and is pupating, its members quiescent within their cases become 
passive contents of the bivouac, then, lacking the brood increment in colony “drive” 
the workers fall to a new low in their raiding. Colony activity continues at this 
low level until the brood again becomes a functional source of stimulation. 

This interpretation may be extended to explain a resurgence of activity in 
burchelli colonies about one week before the statary period ends. A considerable 
portion of the pupal brood is then nearly mature, and capable of slight movements 
(within the cocoons) which observably stimulate the workers. As laboratory ob- 
servations show, this stimulative effect is exerted before the opening of cocoons 
has begun. The slight tarsal and antennal twitchings and limited dorsoventral 
contractions of the enclosed callows are visible to the naked eye, and can affect the 
workers through pressing upon cocoon walls. Workers in an artificial nest con- 
taining motile enclosed brood carry the cocoons about and handle them more, and 





MIGRATION IN SWARM-RAIDING ARMY ANTS 189 


display greater activity in general, than do workers provided with an equal number 
of enclosed immobile pupae. As a control, mature (pigmented) pupae immobilized 
by needle puncture of the head do not exert this effect.* 

The irradiation of such excitement through the bivouac heightens the general 
responsiveness of the colony, so that a greater reactivity to light causes raids to 
begin more promptly after dawn than was previously the case, and leads to the im- 
pressing of larger numbers into each foray. On the other hand, while the brood 
remains inactive “colony drive” depends upon the interstimulative relationships of 
adult workers alone, and must remain at a minimum until a new source of aug- 
mented stimulation appears.® 

In burchelli, as in hamatum (Schneirla, 1938), the appearance of a new callow 
brood furnishes the impulse for the resumption of nomadic behavior. Then vigor- 
ous daily raids occur, each reaching the threshold of bivouac-change movement 
(Schneirla, 1944a). That this change depends upon the amount of stimulation 
received from a large callow brood is indicated by our results from a colony deprived 
of approximately three-fourths of its mature pupal brood late in the statary period. 
A recognizable nomadism appeared in this colony when the remaining callows 
emerged ; however the daily raids fell below normal standards, and during the first 
week bivouac-change movements tended to be short in distance or not to occur. 
Then the colony became more active and its movements attained the normal fre- 
quency and vigor. The latter change evidently depended upon a new brood factor. 

Although the emergence of a callow brood initiates the nomadic phase of the 
behavior cycle, this factor apparently does not remain a major source of “drive” 
for more than a few days. Observations show that callows then behave more like 
ordinary workers, less excitatory in their effect upon the colony. The above re- 
sults are what would be expected from a major reduction of the callow-stimulation 
factor. However, the reinvigoration which occurred in our experimental colony 
suggests that after about one week of nomadic activity a new excitatory agency 
becomes effective. Evidently this is introduced through the sufficient growth of a 
new larval brood whose presence at that time we have found invariable in both 
burchelli and hamatum (1938). When a colony first takes to the march the indi- 
viduals of this brood are very small, gathered together in packets for the most part, 
and (under laboratory observation) low in stimulative effect upon workers. After 
a few days when the larvae are larger, this brood is found more widely distributed 


8In both burchelli and hamatum (Schneirla, 1934; 1938) the cocoons are opened and the 
brood emerges as a result of workers’ responses to the stirring of mature individuals. Although 
adults holding quiescent young stand quietly with their burdens, others clutching dynamized 
young frequently shift their hold and move about restlessly, thereby causing other workers to 
catch hold of the cocoons. The excitement increases reciprocally, and in the tugging and 
regaining of lost holds the envelope is soon torn open. In this operation the arousal of in- 
creased movement of the callow both augments the struggle of the workers and incidentally 
facilitates tearing of the case, 

® Ecitons are very simple creatures psychologically, unable to “realize” needs, but able only 
to react directly in simple immediate ways to specific, present stimulation. For example, 
burchelli colonies regularly stage their raids in the daytime and not at night when these (almost 
exclusively chemo-tactual) animals could find their prey readily. This condition prevails re- 
gardless of existing food requirements in a colony, simply because the photokinetic effect of 
light is essential to arouse a foray, and in the absence of light Ecitons become lethargic 
(Schneirla, 1944a). It should be added that the arrival of daylight is least effective upon a 
colony when intrinsic social stimulation is at its lowest level in the activity cycle. 
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through the bivouac, and observably excitatory to the workers. This excitatory 
effect evidently increases in time as the larvae grow, since in the latter part of the 
nomadic period raiding tends to increase in vigor and numbers of participants. Be- 
cause of the influence of the more precocious larvae early in the period, the larval 
factor must overlap that of the callows to some extent as a stimulative factor pro- 
moting nomadism, later fully replacing the callows in this role. Finally, as in 
hamatum, when the bulk of the larval brood becomes enclosed and brood stimula- 
tion is greatly reduced, the burchelli colony enters a new statary phase. 

It is clear from our findings that burchelli colony movements occur in a regu- 
lar manner, in a predictable series which begins and ends rather abruptly, rather 
than occurring haphazardly as many writers have supposed. This fact alone would 
suggest that their basis is not alimentary, dependent upon the supply of food in 
given areas, as Heape thought (1931). No essential relationship is found between 
the food supply in given areas and the mobility or immobility of Eciton colonies 
which would suggest an alimentary basis for the functioning of the existing be- 
havior pattern. Instead, the occurrence of the described nomadic and statary ac- 
tivity phases in alternation seems to depend upon the reproductive condition of the 
colony, and fundamentally upon the reproductive cycle of the queen (Schneirla, 
1944b). Since the basic cause of the existing behavior pattern is an intraorganic, 
gametic factor which functions cyclically, we may say that Eciton behavior con- 
forms to one of the two important criteria generally accepted as essential to mi- 
gration. 

It will be recalled that Heape and others regard migration as a group move- 
ment which is reversible and which has its basis in a reproductive process, reserv- 
ing the term “emigration” for transferral movements which are not regularly re- 
versible and are based on non-gametic processes. Broadly speaking, the latter 
term would seem applicable to the unitary Eciton bivouac-change movement, in 
which a colony changes its dwelling place in a single continuous action. Yet this 
usage takes certain liberties with Heape’s meaning of “emigration,” since we have 
found that even the single bivouac-change movement is clearly dependent upon 
gametically-based conditions in a colony. If the concept does not fit the unitary 
Eciton movement, it is far less adequate, indeed very inadequate, to denote the 
series of movements occurring in a given nomadic phase, in which changes of 
bivouac take place daily in dependence upon a continuous excitation grounded in 
reproductive processes. For a given nomad-statary cycle, in which a colony moves 
from one statary bivouac to the next in a regular and predictable manner, the term 
“migration” would appear appropriate. 

By emphasizing gametic factors we do not exclude the possibility that the evo- 
lutionary rise of the Eciton behavior pattern may have involved alimentary factors 
in an important role. For example, if an ancestral form ever existed which failed 
to move at all or undertook very irregular movements while a larval brood was 
present, an inevitable shortage of food for the growing members of the colony might 
well have endangered species survival in favor of variant forms. It cannot be 
denied that alimentary factors may have exerted a critical influence upon the phyletic 
origin of the Eciton behavior patterns. 

However, the question of evolutionary background must not be confused with 
the problem of accounting for the functioning of the existing behavior pattern. 
In the causation of the existing pattern the food-supply factor plays only a very 
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secondary role, in that the quantity of booty found in the early hours of daily raid- 
ing influences the direction of the day’s foray ; however, booty haul cannot determine 
whether or not a bivouac-change movement will occur. Eciton behavior as it func- 
tions in existing species presents many features which are adaptive in rather pre- 
cise and effective ways: in particular, a colony is mobile when its food requirements 
are greatest, and at rest when they are least; a colony is at rest when the queen 
is physogastric, thus incidentally shielding her from external hazards, and on the 
move when she is contracted and able to travel with greater security. . These con- 
current conditions presumably arose through a long selective process in evolution, 
and assuredly have great adaptive value both individually and collectively; but we 
cannot regard them as factors which play a controlling part in the existing behavior 
pattern. The mechanism for the latter is a dynamic trophallactic process which 
depends in particular upon given reproductive properties in the queen, and upon 
given stimulative and reactive properties in brood and workers. The reproduc- 
tive factor is of paramount importance for the current appearance of the Eciton 
pattern. 

One of the major criteria of migration is satisfied by the fact that Eciton move- 
ments occur regularly and periodically on an intraorganic (i.e., reproductive) basis. 
The second major criterion employed by Heape and generally accepted is that a 
directionality exists in one phase of migration which is reversed in another phase. 
Thus salmon characteristically migrate to sea as young individuals, and return up- 
river as mature adults; many birds of the northern hemisphere move southward in 
autumn and northward in spring. At first sight Ecitons appear to lack completely 
this “horizontal” type of directionality. To an extent however their movements 
exhibit a horizontal directionalization, in that a mechanism already described in- 
sures that a colony will not double in its tracks but must take a new route in each 
successive daily movement. Still this control over direction is a limited one, which 
cannot prevent changes in the principal course of a given succession of nomadic 
movements. Moreover, there exists no indication of a reversal of the direction 
of horizontal progress from one phase of the cycle to the next. 

At this point it may be asked what underlies the occurrence of directionality 
and its reversal in the generally accepted instances of migration. The basis is not 
very clear in the current evidence, yet perhaps we may say that one direction of 
progress in a migration is an expression of given responses to external conditions, 
and that in the opposite phase of the cycle these responses are changed or reversed, 
in response to changed or reversed external conditions. The different responses to 
external conditions in the two phases of the cycle may be regarded as dependent 
upon different (perhaps reversed) intraorganic conditions. 

This interpretation suggests to us one characteristic of the Eciton pattern 
which may be regarded as the biological equivalent of a direction reversal in the 
usual sense. We have noticed that during a nomadic phase burchelli (and ha- 
matum) colonies tend to bivouac next the surface of the ground, that toward the 
end of this phase the colonies tend to cluster at a distance from the ground, and 
that statary bivouacs almost invariably are formed in elevated positions. This 
difference, together with the fact that nomadic bivouacs generally are exposed 
whereas statary bivouacs tend to be secluded, suggests that colonies of terrestrial 
Eciton species respond differently to environmental conditions according to the 
given phase of their activity cycle. The outcome may be considered an instance 
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of “altitudinal” migration, somewhat comparable to animals (e.g., some birds) which 
migrate from valley to hill and return in a different phase of their cycle without 
any particular reversal of the latitudinal direction taken in the ascent. Appar- 
ently the limited ascent and descent during different stages of migration in terres- 
trial Ecitons somehow has its basis in changed intra-colony conditions centering 
around the brood. At present both the nature of this basis and of the external 
conditions involved in the altitudinal movement are matters of conjecture. 

The writer believes that a general theory of animal migration cannot be worked 
out without careful attention to patterns which conform only partially to the tra- 
ditional vertebrate examples. Thus Williams (1943) and Fraenkel (1932) have 
presented convincing reasons for including in the general evidence the movements 
of certain insects such as many lepidopteran and orthopteran species. The Ecitons, 
it would appear, must also be included. These insects seem to represent an example 
of primitive or rudimentary migration in which the basis of the pattern is present 
without a highly specialized superstructure like that found in animals such as many 
birds, permitting a directionalization of horizontal locomotion. On this view, the 
organic “drive” basis of migration is fundamental, but may exist in the partial or 
complete absence of specialized factors permitting a directionalized and reversible 
movement.'° 

It should be emphasized that the army ants are exceptional among migrating 
animals in that their movements are carried out by individuals which are not them- 
selves responsible for the origination of the basic drive factor. Indeed the actual 
process of locomotion is brought about in the workers in a very indirect manner, 
which involves not only an incidental stimulative function of the brood as inter- 
mediate process, but also effects itself through a worker activity (raiding) which is 
qualitatively different from the true colony movement. As we have seen (Schneirla, 
1944a), the very different patterns of swarm-raiding and column-raiding may both 
lead into migration provided that other factors are involved which are basically 
independent of the workers themselves. Yet these other factors, the fundamental 
contribution of the queen and the intermediate role of the brood, are smoothly 
interrelated with the “effector” function of the workers in a highly stereotyped 
manner, so long as the optimal environment furnished by regular rainy-season con- 
ditions exists. What differences may appear in the pattern under the non-optimal 
conditions of dry-season weather, or in an environment of irregular annual rains, is 
a problem for further investigation. 

CONCLUSIONS 

1. The cyclical pattern of nomadic and statary behavior described for the swarm- 

raiding species E. burchelli, and previously reported for the column-raiding £. 


10 Woodbury (1941), in advancing his periodic-response theory for migration in general, 
points out that the visceral rhythms which are held basic to migration may be correlated with 
environmental periodicities in a variety of ways and to different extents in different animals. 
In the Ecitons, although seasonal differences in migatory activities apparently exist, and although 
the day-night periodicity is involved in the arousal of separate movements, evidence is lacking 
that the timing of the nomad-statary cycle itself is dependent upon extraorganic periodicities. 
However, for the queen’s reproductive cycle which the present writer (1944) has found basic, 
Weber (1943) suggests that the lunar cycle may play a surrogate role. A number of circum- 
stances oppose this possibility in the investigated species, in particular the fact that at a given 
time colonies may vary considerably in the phases of their brood and activity cycles, alsq the 
fact that the duration of the queen’s ovulation cycle falls close to 35 days rather than approximat- 
ing 28 days as the lunar-cycle hypothesis seems to demand. 
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hamatum, may be considered typical of terrestrial Eciton species. Species differ- 
ences exist in the relative length of the phases of this activity cycle. 

2. The basis of the pattern in burchelli, as in hamatum, is in the rhythmic re- 
productive function of the colony queen. This factor expresses itself through 
periodic changes in the stimulative (i.e., trophallactic) effect of broods upon the 
workers, and thus indirectly controls the presence or absence of regular daily colony 
movements. 

3. Since these Eciton movements occur in a regular and periodic manner, on 
an intraorganic (reproductive) basis, they may be considered a “primitive” or rudi- 
mentary instance of migration. In the army ants there exists a biological equiva- 
lent of directionalization of migration and its reversal, in the form of an altitudinal 
shifting of the home site in different phases of the activity cycle. 
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THE RESISTANCE AND ACCLIMATIZATION OF MARINE FISHES 
TO TEMPERATURE CHANGES. II. EXPERIMENTS 
WITH FUNDULUS AND ATHERINOPS? 


PETER DOUDOROFF 


Scripps Institution of Oceanography, University of California, La Jolla 2 


INTRODUCTION 


[In an earlier paper (Doudoroff, 1942) a detailed study of the resistance and accli- 
matization of the marine fish Girella nigricans to extreme high and low temperatures 
was presented. Some parallel experiments on the temperature tolerance of the 
relatively hardy species Fundulus parvipinnis and of the very delicate Atherinops 
affinis are reported here. While no attempt has been made to investigate fully the 
causes of death on chilling, some observations are recorded which bear on this 
problem. 

The literature on the resistance and acclimatization of fishes and of other ani- 
mals to low and high temperatures has been reviewed in the earlier publication. 
Of papers which have come more recently to the author’s attention, those of Brett 
(1941, 1944) and of Fry, Brett and Clawson (1942) on the lethal limits of tem- 
perature for various fresh-water fishes must be mentioned. The importance of 
acclimatization as a factor to be considered in delimiting the temperature tolerance 
of these fishes was demonstrated fully. Certain early assumptions relative to the 
mortality rate at lethal temperatures (namely, that death occurs almost always 
within 12 or 14 hours even at low temperatures) and relative to the rate of ac- 
climatization to low temperatures were not fully substantiated and are not entirely 
in accord with the author’s observations on marine fishes. 

The survival of some hardy fishes at very low, sub-zero temperatures in a 
state of seemingly suspended animation formerly had received more attention than 
death at low temperatures well above 0° C., and frequently has been termed “ana- 
biosis” (Borodin, 1934; Schmidt, Platonov and Person, 1936). This term is 
misleading. The seemingly lifeless condition of supercooled and superficially 
frozen fish may be due to reversible injury to the central nervous system. The 
sensitive automatic mechanism of the heart also may be affected (Battle, 1926). 
There is no evidence that tissue respiration and all other vital functions are ar- 
rested (see also Kalabuchow, 1935), nor that the so-called anabiotic state can per- 
sist for a very long time. Therefore, this state may not differ fundamentally from 
chill-coma at above-zero temperatures and even may be closely related to heat-coma. 
The low metabolic rate at the lower temperatures and the hardiness of the species 
in which “anabiosis” has been observed account for the fact that the coma, with 
attendant respiratory and possibly circulatory disturbances, can be more prolonged 
at sub-zero temperatures. 


1 Contributions from the Scripps Institution of Oceanography, New Series, No. 253. 
2 Now with the Louisiana State Department of Wildlife and Fisheries, University, Louisiana. 
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Weigmann (1936) has contended that the death of fish which he super-cooled 
to very low temperatures was caused by respiratory disturbances. These he be- 
lieved to be due to a direct effect of cooling upon the respiratory center of the 
brain, although other possibilities also were suggested. The observation that the 
animals could be revived, after return to normal temperatures, by the administra- 
tion of artificial respiration was advanced as one of several arguments in support 
of the opinion that some respiratory disturbance was the cause of death. It will be 
shown that other factors can play an important role in the causation of death by 
chilling. 

The helpful advice and assistance received from Dr. F. B. Sumner and other 
members of the staff of the Scripps Institution of Oceanography in the course of 
this investigation are most gratefully acknowledged. 


METHODS AND MATERIAL 


The methods and equipment used in the evaluation of temperature tolerance 
were those employed in the experiments with Girella (Doudoroff, 1942). Briefly, 
the measures of relative tolerance adopted are the lower and upper median tolerance 
limits (Tm), defined as the low and high temperatures, respectively, which are 
lethal to just 50 per cent of the experimental animals in a given specified period of 
exposure. These values are estimated, when necessary, by interpolation, being then 
based on observed percentages of specimens surviving at two successive, constant 
test temperatures, usually 1° C. apart, one of which is lethal to more than half, and 
the other to less than half of the animals tested. Estimation of median tolerance 
limits for a series of time intervals permits verification of the individual values and 
frequently evaluation of the ultimate median tolerance limit, that is, the tempera- 
ture which is tolerated indefinitely by 50 per cent of the animals. 

Usually the fish were acclimatized and tested in constant-temperature aquaria 
supplied with running sea water, but in experiments in which the salinity of the 
medium was varied, jars with standing, continuously aerated water were used. 
Unless otherwise denoted here, the medium was sea water. 

Fundulus parvipinnis Girard inhabits shallow and enclosed bays, sloughs and 
estuaries. Adults of both sexes, taken in Mission Bay near San Diego, were used. 
Average and minimal temperatures in the habitat of the species in this locality prob- 
ably do not differ greatly from those in open water at the Scripps Institution of 
Oceanography nearby (Doudoroff, 1942). Maximal temperatures to which Fundu- 
lus may be exposed for brief periods in summer are considerably higher, however, 
than those recorded in open water, temperatures of 30° C. or higher probably being 
not uncommon during low tide in some places which are frequented by these active 
fishes. 

Young Atherinops affinis (Ayres) were taken near the Scripps Institution at 
La Jolla, where, like Girella, they are common in open water near the shore. This 
species also is common in bays and estuaries, but, unlike Fundulus, it apparently does 
not frequent very shallow inlets and sloughs of the coastal marshes, where tempera- 
tures much higher than those in open water occur frequently. Thus, Atherinops 
probably lives under approximately the same temperature conditions as Girella in 
the same general locality. According to Jordan, Evermann and Clark (1930), the 
range of distribution of Atherinops extends along the “coast of California and 
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north to Oregon,” i.e., further north than that of Girella, while that of Fundulus 
extends “from Point Conception” (actually it extends somewhat further north) 
“southward to Lower California.” 

Comparative tests showed clearly that Atherinops is less resistant and Fundu- 
lus is more resistant than Girella both to reduced salinity (dilution) of the me- 
dium and to asphyxiation (in tightly stoppered bottles in which the three forms 
were confined together). In each of these tests, which were performed with 
groups of specimens of equal average weight, all specimens of each of the less re- 
sistant species succumbed long before any of the specimens of the next more re- 
sistant species. 

Only a relatively small number of the delicate and active Atherinops could be 
brought to the laboratory and kept for long periods in good health. Fundulus, 
although hardy, is subject to disastrous epidemic diseases in the laboratory (Wells 
and ZoBell, 1934) and often is heavily parasitized. Care was taken to select for 
experimentation only healthy specimens without parasitic isopods on the gills. 


RESULTS 
Effects of extreme temperatures 

Fundulus and Atherinops were affected by exposure to extreme high and low 
temperatures much as were Girella (Doudoroff, 1942), but the following important 
differences were noted. 

If returned to a normal temperature within a few minutes after the onset of 
heat-coma, Fundulus, unlike Girella and Atherinops, often showed partial, tempo- 
rary recovery, and sometimes complete recovery.* The administration of artificial 
respiration, by passing a stream of water through the mouth and over the gills, 
favored the recovery. 

At slowly lethal temperatures primary chill-coma, that is, temporary cessation 
of all movements almost immediately following transfer to a low temperature, often 
was more prolonged in Fundulus than in Girella. Fundulus sometimes showed 
spontaneous, temporary recovery after remaining in a state of complete primary 
coma for more than one hour.* Specimens which failed to resume respiratory 
movements within two hours after cooling never moved thereafter at the low tem- 
perature. If returned to a normal temperature, these fishes were able to recover 
after longer periods, but recovery after three hours was observed only in one in- 
stance. However, recovery was obtained by the administration of artificial respi- 
ration together with warming when warming alone was not sufficient. This is il- 
lustrated by the following experimental results. Fourteen specimens, which had 
been held at 20° C., were exposed to 2° C., at which temperature none recovered 
from primary coma. After three hours the fishes were returned to 20° C., and 
artificial respiration was administered to one half of the specimens. All of the 
latter specimens resumed respiratory movements, and all but one recovered com- 
pletely and were alive after three days. The seven specimens to which artificial 
respiration was not administered showed no recovery whatsoever. 


3 Recovery has been obtained with other hardy fishes, e.g., Gillichthys mirabilis (Sumner 
and Doudoroff, 1938). Injury to the integument and paralysis of body muscles sometimes were 
noted in Fundulus which had recoverd partially after exposure to very extreme high tempera- 
tures. At these temperatures bleeding of the gills was observed occasionally. 

* Such temporary recovery after prolonged primary chill-coma was observed in tests with 
other hardy species, e.g., Leptocottus armatus Girard. 
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If spontaneous recovery from primary chill-coma occurred at the low tempera- 
ture at which the coma was produced, Fundulus aiways survived at this tem- 
perature for more than 12 hours before the onset of permanent, secondary chill- 
coma. For example, of 24 specimens which were transferred from 20° to 3° in 
a preliminary test only 14 recovered from primary coma, yet all of these survived 
for 12 hours, and 9 were still alive after 24 hours. The surviving specimens righted 
themselves and appeared normal. Later, however, they became seemingly stiff and 
emaciated, their eyes becoming deeply sunken. This appearance suggested osmotic 
dehydration of the tissues. Secondary chill-coma followed. If warmed thereafter, 
Fundulus sometimes showed brief activity, but complete recovery was unusual. 

In Atherinops temporary recovery after complete primary chill-coma was ob- 
served rarely. Violent paroxysms, loss of equilibrium and partial inactivation often 
occurred after cooling and could be followed by recovery, but if movements ceased 
entirely for more than a few minutes, the coma was always permanent, and after 
one hour this species never recovered even on transfer to a normal temperature. 

Permanent cessation of respiratory and other movements, either spontaneous 
or induced by mechanical stimulation, was regarded as the onset of death or end- 
point of survival, as in the experiments with Girella. With Atherinops, as with 
Girella, determinations could be made of lower median tolerance limits for expos- 
ure periods of one hour or more. Inasmuch as Fundulus sometimes recovered 
from primary chill-coma after periods longer than one hour, the shortest exposure 
period adopted for cold-tolerance tests with this species was three hours. 


Time-temperature relation of cold-tolerance in Fundulus 


Fundulus collected in late summer and stocked at current sea water tempera- 
tures of 19° to 21° were soon transferred to constant-temperature tanks at 14°, 20° 
and 28°. Many of the specimens held at 14° and most of those at 28° died of 
disease. The relatively healthy 20°-conditioned fish were used in cold-tolerance 
tests after a sojourn of 30 days or longer in the constant-temperature tank. The 
experimental results are presented in Table I. Since all specimens which sur- 
vived for 3 hours survived also for 12 hours, the data for these exposure periods 
appear in a single column. 


TABLE | 


Per cent survival of 20°-conditioned Fundulus at various low lemperatures and the estimated lower 
median tolerance limits (Tm) in relation to time (duration) of exposure to the test temperatures 




















Per cent surviving after 
mse [Sytae| Mewe | Tae — 
a: (cm.) cy 3 to 12 1 2 3 4 5 6 7 

hours day days days days days days days 
8/28 | 12 (9:3) 6.8 = 100% | 100%} 100% | 100%} 100% | 100%} 100% | 100% 
9/4 14 (10:4)| 6.7 6° 100 100 100 100 100 93 86 86 
9/11 | 12 (9:3) 6.7 is 100 100 100 92 67 25 0 0 
9/22 | 12 (8:4) 6.7 4° 100 100 100 83 25 0 0 0 
9/18 |16(12:4)| 6.7 a 87 81 50 0 0 0 0 0 
9/27 |14(10:4)| 6.7 z 0 0 0 0 0 0 0 | O 

















Tm: 2.6° 2.6° 3.0° 3.6° | 4.6° 
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The lower median tolerance limits are plotted against exposure time in Figure 1. 
The sigmoid time-temperature curve of cold-tolerance shown differs strikingly 
from curves obtained with Girella (Doudoroff, 1942, Fig. 1), which showed most 
of the rise of 7 with increasing time of exposure occurring during the first day 
or two. The ultimate lower median tolerance limit for the Fundulus apparently 
is close to 5.6°. 





LOWER MEDIAN TOLERANCE Limit (*c) 


° ' 2 3 4 5 6 7 
TIME (OURATION) OF EXPOSURE IN DAYS 


Ficure 1. Time-temperature curve of cold-tolerance of 20°-conditioned Fundulus: Lower 
median tolerance limits in relation to the time (duration) of exposure to the test temperatures 
in sea water. Data from Table I. 


Comparison of the data with the results of some earlier preliminary experiments 
and of later tests revealed a small progressive increase of the resistance of the 20°- 
conditioned Fundulus to cold, and especially to the less extreme low temperatures. 
The cause has not been established, but the change may have been seasonal or re- 
lated to the sexual cycle. 


Changes of water content at lethal low temperatures and the influence of dilution of 
the medium and acclimatization on cold-resistance in Fundulus 

The loss of tissue water through osmosis by Fundulus which were dying in sea 
water at slowly lethal low temperatures was inferred from the appearance of the 
animals. Data presented in Table II, which shows the relative water content (1.¢., 
weight lost on desiccation to constant weight at 100° per unit of the dry weight) for 
groups of specimens differing in their history, support this inference. The experi- 
mental animals which had been exposed to low test temperatures were removed for 
weighing when they were seemingly near death, but still respiring and responding to 
stimulation. The results obtained with 14°-conditioned specimens indicate an aver- 
age loss of more than 23 per cent of the normal water content at the lethal low 
temperatures (1.0°-1.6°) in sea water, but no loss in diluted (45 per cent) sea 
water. The specimens tested in the diluted water did not appear dehydrated and 
were still quite lively when they were removed, although they had been exposed 
to the low temperature (1.6°) about twice as long as the specimens tested in sea 
water. The relatively large 20°-conditioned specimens apparently lost, on the 
average, 14 per cent of their initial water content at the lethal test temperature 
(3.0°) in sea water. 

Osmotic work must be done constantly by marine fishes in their normal medium. 
Dehydration can result from disturbances of the osmoregulative functions, but 
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TABLE II 


Water content of Fundulus after exposure to siowly lethal low temperatures in sea water (SW) 
and in diluted sea water (45% SW), and that of control specimens taken directly from sea water at 
the initial acclimatization temperatures. All of the experimental specimens were still alive when 
removed from the test aquaria. The water content is expressed as units of weight of water 
per unit of dry weight. The mean values indicated for fish with similar history are weighted 
according to the number of specimens. 





























Acclim. Test Days at Test Number Wet Dry Wet wt. —Dry wt. 
temp. temp. test medium and sex weight weight SaaS 
(° C.) (° C.) temp. of fish (grams) (grams) Dry wt. 

14° 1.0° 2 SW id’ 3.64 1.03 2.53 
14° 1.6° 2 SW id 5.06 1.48 2.42 
14° 1.6° 2 SW 1d 4.51 1.38 2.27 
14° 1.6° a SW 2c 7.55 2.25 2.36 
Weighted mean: 2.39 

14° 1.6° 34 45% SW| 20 9.84 | 2.45 3.02 
14° 1.6° + 45% SW 5A 19.29 4.57 3.22 
Weighted mean: 3.16 

14° Control ig 3.51 | 0.86 3.08 
14° Control id 3.93 | 0.95 3.14 
14° Control id 4.06 0.97 3.19 
14° Control 20 9.91 | 2.43 3.08 
Weighted mean: 3.11 

20° 3.0° 13 SW 19 6.46 1.75 2.69 
20° 3.0° 24 SW 1d,19 13.63 ’ 2.39 
20° 3.0° 3 SW 20 14.65 | 4.32 2.39 
| ‘adianl 

Weighted mean: 2.45 

20° Control id 8.62 2.13 3.05 
20° Control 1g’,19 15.61 | 4.08 2.83 
20° Control 1d’, 19 16.04 | 4.25 aie 
20° Control 1d7,19 11.60 3.01 2.85 
| —— 

Weighted mean: 2.85 








| | 


obviously can be prevented by sufficient dilution of the medium. Fundulus parvi- 
pinnis probably occurs only in salt water, but it can live in fresh water. The nor- 
mal osmotic pressure of the blood of this species was not known. From available 
cryoscopic data for other marine and euryhaline fishes (Dakin, 1912, 1935) it 
was concluded, however, that 45 per cent sea water probably is roughly isosmotic 
with the blood of Fundulus, or only slightly hypertonic. The results of comparable 
tests of the cold-resistance of specimens acclimatized to 20° and to 14° and tested 
in sea water and in 45 per cent sea water (prepared by dilution with water distilled 
in glass) are presented in Table III. The specimens tested in the diluted water 
were held in this medium for one day before the test. 
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At the rapidly lethal temperature of 2° there was no signficant difference be- 
tween the mortality rates of 20°-conditioned specimens in the two media, five of 
the eight fish in each group having failed to recover from primary chill-coma. At 
the less extreme low temperatures of 3° and 4°, on the other hand, all the speci- 
mens succumbed in sea water before any succumbed in the diluted water. If the 
mid-point of the 24-hour interval during which each specimen succumbed is taken 
as the time of its death, the mean survival times at the latter two temperatures are 
found to be 3.4 days and 4.75 days, respectively, in sea water, while in the diluted 
water they are 7.0 days and 8.4 days, respectively. The difference between the 
means for the two media at each of these slowly lethal temperatures is certainly 
significant, the probability being 0.9999-+-.° Accordingly, Tm values for mod- 
erately long exposure periods only were clearly influenced by the salinity of the 
water. The results obtained with the 14°-conditioned specimens, which had been 
held at 14° for 83 to 91 days, likewise indicate clearly an influence of water salinity 
upon the mortality rate at a slowly lethal low temperature (1.6°), and also an in- 
fluence of acclimatization upon cold-tolerance.® 


Resistance and acclimatization of Fundulus to heat 


Fundulus used in the heat-tolerance experiments were acclimatized in the three 
constant-temperature tanks (at 20° for 30 to 51 days, at 28° for 57 to 63 days, and 


TABLE !V 


Per cent survival of Fundulus at various high temperatures and the estimated upper median tolerance 
limits (Tm) in relation to temperature of previous acclimatization and to time 
(duration) of exposure to the test temperatures 


No. of Per cent surviving after 

Date Acclim.| fish Mean | 

1940 temp. and length | | | 

(°C.) | ratio | (cm) i 3 6 12 | 24 48 | 72 96 144 

a: @ ; . | brs. | hrs. | hrs. | hrs. | hrs. | hrs. | hrs. hrs. 

28° 12 (5:7) 5 / | O%| O%| 0%] O%l O%l 0%! O%l 0%! 0% 

28° 13 (5:8) d 4 0 0 0 0 0 0; Oo 0 0 

28° 13 (5:8) . 100 31 0 0 0 0 0 0 0 

28° 12 (S:7) a 100 100 100 42 0 0 0 0 0 

28° {13 (5:8) . | 100 100 100 | 100 100 100 100 100 | 92 
| | 


38.5° | 37.7° | 37.5° 36.9° | 36.5° | 36.5° | 36.5° | 36.5° | 36.5° 
| | | | 
| 


1 
%| O0%| O%| 0%!) O%| 0%). 0%] 0% 
38 38 23 8 0 0 0 0 
100 | 100 | 100 100 85 54 38 31 
100 | 100 | 100 | 100 | 100 100 92 85 











| | | | 
35.8° | 35.8° | 35.7° | 35.5° | 35.1° | 34.8° | 34.6° 


42% Z| 0%| 0%) 0%| 0%] 0%| 0%| 0% 
100 8 8 a1) 8 8 
100 77 69 69 69 69 
































| | | | 
33.9° | 33.7° | 32.7° 32.4° | 32.4° | 32.3° | | 32.3° | 32.3° 


' 


> For the method of computing probabilities see Tippett (1931). 

6 Fundulus which had been acclimatized to 28° and then held for 7 days at 36° died within 
24 hours after subsequent cooling to 15°. Similar observations have been recorded by Wells 
(1935). 
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at 14° for 58 to 70 days) together with those used in the cold-tolerance tests. The 
experimental data are presented in Table IV. 

The time-temperature relationship of heat-tolerance of 28°-conditioned Fundulus 
is somewhat similar to that observed with 20°-conditioned Girella, the values of 
Tm for exposure periods of 0.5 to 48 hours tending to fall along a straight line 
when plotted against the logarithm of the exposure time (Fig. 2). The 48-hour 


LOG TIME (DURATION) OF EXPOSURE IN HOURS 
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Figure 2. Time-temperature curves of heat-tolerance of 28°-conditioned Fundulus, 20°- 
conditioned Atherinops and 20°-conditioned Girella: Upper median tolerance limits in relation 


to the logarithm of the time (duration) of exposure to the test temperatures. Data from Tables 
IV and V and from Doudoroff (1942), Table II. 


Tm, or 36.5°, apparently is also the ultimate median tolerance limit. The rela- 
tionship obtained with 14°-conditioned Fundulus is not logarithmic and is not 
unlike that obtained with 12°-conditioned Girella. All deaths occurred during the 
first day of exposure, 7,, remaining thereafter at 32.3°. The nearly straight-line 
relationship between T,, and duration of exposure obtained with Fundulus from 
the intermediate temperature of 20° is quite unlike any others which have been 
studied. No explanation can be suggested. Nevertheless, the influence of accli- 
matization upon resistance to heat is shown clearly by the data, and it is evident that 
Fundulus, unlike Girella, does not acquire nearly maximal heat-tolerance when it 
is acclimatized to 20°. 


Resistance and acclimatization of Atherinops to heat and cold 


Atherinops taken in October, when the surface temperature in their habitat had 
been close to 20° for some time, were held in the laboratory for three weeks at 
current sea water temperatures of 19° to 20°, and then in a constant-temperature 
tank at 20° for one week before tests were begun. The time-temperature relations 
of tolerance to heat and to cold were studied in the usual manner, but intervals of 
only 0.5° between successive test temperatures were used in the evaluation of 
heat-tolerance to ensure desired accuracy. The results are presented in Table V. 

Great sensitiveness of this species to cooling is evident. While no simple time- 
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TABLE V 


Per cent survival of 20°-conditioned Atherinops at various high and low temperatures and the estimated 
upper and lower median tolerance limits (T) in relation to time (duration) 
of exposure to the test temperatures 

























































































Per cent surviving after 
. Mean Test 

Date No. of tonal t . 
es = fem.) | @C) | 0.5 1 3 6 12 24 | 48 72 96 

hr. hr. hrs. hrs. hrs. hrs. hrs. hrs. hrs. 
11/6 12 6.1 33.5° 42%| 17% 0% 0% 0% 0% 0% 0% 0% 
11/5 14 6.1 | 33.0° | 86 | 86 0 0 0 0 0 0 0 
11/7 12 6.2 | 32.5° 100 100 50 33 0 0 0 0 0 
11/2 12 6.2 | 32.0° 100 100 100 100 92 50 17 0 0 
11/8 14 6.1 | 31.5° | 100 100 100 100 100 100 86 71 57 

Tm (upper): 33.4° | 33.3° | 32.5° | 32.4° | 32.2° | 32.0° | 31.8° | 31.7° | 31.6° 
11/28 18 | 6.2 11.0° 100%} 100%} 100%} 100%} 100%} 100%} 100%) 100% 
11/20 18 6.0 10.0° 100 100 100 94 94 44 22 22 
11/16 16 6.1 9.0° 100 100 100 94 75 37 6 0 
11/15 16 6.0 8.0° 100 75 25 0 0 0 0 0 
11/14 16 6.1 7.0° 87 62 0 0 0 0 0 0 
11/17 18 6.1 6.0° 56 28 0 0 0 0 0 0 
11/16 16 6.2 | 5.0° 0 0 0 0 0 0 0 0 
Tm (lower): 5.9° | 6.6° | 8.3° | 8.5° | 8.7° | 10.1°| 10.4° | 10.4° 
| | 








temperature curve of cold-tolerance fits the data closely, the lower median toler- 
ance limit rises progressively with increasing time of exposure for three days, 
whereupon an apparently constant value of 10.4° is reached. The upper median 
tolerance limits are plotted against the logarithm of the time of exposure in Figure 
2, together with corresponding data for 20°-conditioned Girella and 28°-conditioned 
Fundulus. 

Some Atherinops were held through the winter at current sea water tempera- 
tures, which were below 18°, and which averaged 16° during the last month. After 
subsequent acclimatization for about three weeks to a constant temperature of 
18.5° these specimens were found to have lower and upper 24-hour median toler- 
ance limits of 8.8° and 30.5°, respectively. While all the fish died within 24 hours 
after direct transfer to 31° in this experiment, after a two day sojourn at 30° all 
survived for 48 hours at 31°, and the majority survived at 32°, thus showing rapid 
acclimatization to heat. Rapid acclimatization to cold did not occur, but in another 
experiment with specimens which had been held at 20° and then acclimatized for 
more than two months to 14.5° and 25.5° a pronounced influence of long acclimati- 
zation upon cold-tolerance was demonstrated, the 24-hour lower median tolerance 
limits for the two lots being 7.6° and 13.5°, respectively. 


DISCUSSION 


Because of the nature and variability of the time-temperature relations of toler- 
ance, prolonged tests often may be necessary in ecological studies of the resistance 
of fishes to cold and heat. The lower median tolerance limit for Fundulus, unlike 
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those for Girella and Atherinops, remained nearly constant during the first 48 
hours of exposure (6 days in diluted sea water) and rose rapidly thereafter (Fig. 
1). Limits of tolerance for uniform exposure periods even longer than 48 hours 
evidently may not be truly comparable and ecologically significant. Had extended 
observations not been made, the prolonged temporary recovery of Fundulus from 
primary chill-coma at slowly lethal low temperatures could have been mistaken for 
permanent recovery. 

The time-temperature curves of heat-tolerance for 20°-conditioned Girella, 
28°-conditioned Fundulus and 20°-conditioned Atherinops (Fig. 2) are somewhat 
similar, but they differ greatly with respect to their slope, the temperature coeffi- 
cients, Q,,, of the velocity of heat injury in these fishes being about 4 « 10*, 10° and 
10'*, respectively." In each of these instances Q,, is constant over the range of 
lethal temperatures used, but this coefficient evidently is not generally applicable. 
Bélehradek (1935) listed temperature coefficients of heat injury for various organ- 
isms and tissues, the values of Q,, listed ranging from less than 10 to 58,000. 
Rapid acclimatization probably accounts for the unusually high values obtained with 
Fundulus and Atherinops. 

The ranges of temperatures which were tolerated for three days by average 20°- 
conditioned specimens of the three species studied are 10.4° to 31.7° (21.3° range) 
for Atherinops, 8° to 31.4° (23.4° range) for Girella and 3.6° to 35.1° (31.5° 
range) for Fundulus. The 6-day tolerance limits for the Fundulus, which are 
5.6° and 34.4° (28.8° range), are more nearly comparable with the 3-day values 
for the other two species. The magnitudes of the ranges are clearly related to the 
general hardiness of the species, and resistance to cold shows a parallel relation- 
ship. 

The 20°-conditioned Atherinops were about as resistant to heat as Girella, 
but were more sensitive to cooling, their 72-hour lower median tolerance limit 
being only 1.3° below the lowest weekly average surface temperature recorded near 
the place of their capture.* While the temperature of 20° lies about half way be- 
tween the extremes of temperature which may be encountered by Atherinops in 
this general locality, and is above the average surface temperature, the specimens 
taken from 20° withstood for four days a rise of temperature of 11.6° and a fall of 
only 9.6°. It is concluded that Atherinops, like Girella, certainly is not any more 
resistant to cooling than to warming. The importance of lethal cold as a possible 
limiting factor in the distribution of sensitive marine fishes, and of acclimatization 
as a factor in their dispersal, has now been amply demonstrated. When all of 
the pertinent data are considered, it becomes evident that both Atherinops and 
Girella almost certainly cannot survive long at 0° even after very gradual cooling, 
the true range of thermal tolerance for Girella being smaller than that plotted by 


70, = (K,/K,)10/(t,— t,), where K, and K, are velocity constants at temperatures ¢, and 
t,, respectively, of which ¢, is the higher. 

8 Surface temperatures reported for the northern portion of the reputed range of distribu- 
tion of Atherinops affinis (United State Weather Bureau, 1938) average 11° to 13°, correspond- 
ing winter averages being about 1° lower. However, the species may be represented in differ- 
ent portions of its range by physiologically different races, the resistance of which to cold may 
be inherently different. 

® For data on the reactions of Fundulus and Atherinops, as well as of Girella, to temperature 
gradients, which also indicate a pronounced sensitiveness of these fishes to cooling, see Doudoroff 


(1938). 
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Brett (1944), who used the author’s data, but plotted only 12-hour tolerance limits. 
The susceptibility of Fundulus parvipinnis to chilling is less pronounced, but its 
ability to withstand 0° indefinitely after slow cooling is questionable, and this 
species is correspondingly resistant to heat. 

There is evidence that not only the speed, but also the cause of death after 
chilling can vary with the intensity of the cold. The rapid death of Fundulus at 
very extreme low temperatures was quite different from the delayed death which 
followed more or less prolonged temporary recovery from the initial effects of cool- 
ing at less extreme temperatures. Very brief recovery never was observed at 
intermediate lethal temperatures. Only at the slowly lethal temperatures was death 
preceded in sea water by evident dehydration of tissues and delayed significantly 
by dilution of the medium. 

The observation that recovery from primary chill-coma could be induced by 
warming and the administration of artificial respiration when warming alone was 
not sufficient suggests respiratory inhibition (Weigmann, 1936) as a cause of death 
at rapidly lethal low temperatures. When respiration is not resumed within a 
short time after cooling, asphyxiation or carbon dioxide narcosis may prevent sub- 
sequent recovery. However, at low temperatures hardy fishes can survive for 
hours in deoxygenated water (Sumner and Doudoroff, 1938). It is not improb- 
able that asphyxiation was of importance as a cause of death only after warming 
(i.e., return to a normal temperature) and the consequent increase of the rate of 
respiratory metabolism. 

At slowly lethal low temperatures increasing distress, indicative of cumulative 
injury, was evident long before the permanent cessation of regular respiratory 
movements, and the behavior of Fundulus did not suggest asphyxiation. It ap- 
pears that at these temperatures some osmoregulative functions, such as the in- 
gestion of sea water or the active excretion of salts by the gills, which compensate 
for the passive exosmotic loss of water through the external membranes (Smith, 
1930; Keys, 1933), were inhibited, and in the normal medium dehydration and 
death followed as a result. The failure of these functions probably was itself a 
consequence of cold injury to tissues involved in osmoregulation (e.g., of the gills, 
the central nervous system or the integument) and was not, therefore, the primary 
cause of injury. The fact that mortality, although it was much delayed, was not 
entirely prevented when dehydration was avoided by dilution of the medium in- 
dicates that other, less rapidly lethal disturbances occurred also. Osmoregu- 
lative failure is only one of a number of possible causative factors which should 
be taken into consideration in further studies of the phenomena of chilling. 


SUMMARY 


The resistance of the hardy marine fish Fundulus parvipinnis and of the delicate 
Atherinops affinis to low and high temperatures is examined in relation to tem- 
peratures of previous acclimatization and to temperature conditions in the natural 
habitats of the fishes. 

The relationships between the time (duration) of exposure ta test temperatures 
and the average (median) limits of temperature tolerance indicate the value of pro- 
longed tests in the study of resistance to cold and heat. 

Marked susceptibility of marine fishes to chilling (i.e., injury at non-freezing 
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low temperatures) and the influence of acclimatization upon temperature tolerance 
are confirmed. 

The death of Fundulus at slowly lethal low temperatures, but not at rapidly 
lethal temperatures, is preceded in the normal medium (sea water) by evident de- 
hydration of the tissues and is delayed by dilution of the medium. Osmoregulative 
failure is indicated as one of the causes of slow death at low temperatures in sea 
water, but not of rapid death at more extreme low temperatures, which may be 
caused partly by respiratory disturbances. 
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